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Chapter 1 
General Introduction 
During the last decades semiconductors based on group III and group V ele-
ments have been thoroughly studied. In contrast to the group IV semiconductors 
Si and Ge, certain group III/V compounds (such as GaAs and InP) have direct 
band gaps, which makes them far better suited for optical and opto-electronic ap-
plications, such as semiconductor lasers, detectors, light emitting diodes (LEDs) 
and solar cells. 
Modern growth techniques such as Metal Organic Vapour Phase Epitaxy 
(MOVPE) and Molecular Beam Epitaxy (MBE) have made it possible to grow 
extremely pure III/V materials whereby the deposition can be controlled at 
monolayer resolution. Moreover, the excellent compositional control offered by 
these growth techniques has enabled alloy semiconductors (e.g. AlxGai_xAs, 
AlxInyGai_x_yAs, InxGai_xAsyPi_y) to be grown over a wide range of ratios of 
different elements. This leads to two important possibilities: the engineering of 
band gap and the engineering of lattice constant. This engineering makes it pos-
sible to grow semiconductor materials with different band gaps lattice matched 
to each other. The band offsets of these strain-free heterojunctions are used for 
carrier-confinement (e.g. in quantum wells). In our department a major appli-
cation of the multiple band gap stacking is the solar cell: a thin window layer 
with a higher band gap is grown on top of each cell to reduce the surface recom-
bination [1], a back-surface field with a higher band gap is applied to reduce 
recombination in the bottom of the cell [2], and tandem solar cells consisting of 
a low and high-band gap solar cell connected by a tunnel junction are grown to 
enhance the match with the solar spectrum [3]. 
Photoluminescence (PL) is a very useful nondestructive technique to study 
III/V semiconductors, providing information about both the intrinsic and extrin-
sic radiative transitions [4]. It can be used for band gap determination of alloys, 
for energy sub-level determination in quantum wells as well as for (im)purity 
studies. 
In ternary semiconductor materials the distribution of the different group 
III or group V elements can have a major effect on the optical and transport 
properties. Even in perfectly random distributed alloys, excitonic transitions are 
broader than those observed in their components. This is caused by potential 
fluctuations of the different group III or group V elements in the crystal [5,6]. 
Clustering of the same group III or group V elements leads to compositional 
fluctuations, and so band gap fluctuations within the material, which introduces 
13 
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an additional broadening. When the concentrations of the two different elements 
of the same group in the ternary alloy are approximately equal (e.g. Gao.5Ino.5P 
or Alo.4eIno.52As), long-range ordering can occur. Such crystals exist as a super-
lattice consisting of alternating monolayers (e.g. (GaP)i(InP)i). This structure 
is of lower symmetry, and thus leads to a splitting of the valence band and a 
decrease of the band gap [7]. 
This thesis deals with PL measurements on ternary III/V semiconductor ma­
terials. All the materials used in the experiments described here were grown with 
МО РБ. Apart from this introduction and an experimental chapter this thesis 
can be divided into two main parts. The first, which comprises the chapters 3 to 
5, describes PL measurements of Alo.48lno.52As grown on InP. Up to now, there 
has only been few research on the optical properties of this material. The alloy 
has a direct band gap (~1.46 eV at 300 K) [8], and is only lattice matched to 
InP at this aluminum fraction. The PL properties of the bulk Alo.4eIno.52As as 
well as those of the Alo.4eIno.52As/InP interface are studied. The second part 
(chapter 6 to 12) deals with Al
x
Gai_
x
As grown on GaAs. The lattice constant of 
AlAs is almost equal to that of GaAs, which makes the alloy Al
x
Gai_
x
As almost 
lattice matched to GaAs at any aluminum fraction. The band gap at 300 К of 
Al
x
Gai_
x
As can be varied between 1.42 (x=0) and 2.16 eV (x=l) [9], while 
the alloy stays lattice matched to GaAs. Up to an aluminum fraction x=~0.4 
(Eff=~2.05 eV), AlxGai_xAs is a direct band gap semiconductor, whereas above 
this fraction the material has an indirect band gap. 
This thesis contains much experimental work. Chapter 2 describes all experi­
mental techniques relating to the PL measurements, including those for the high-
spatially-resolved PL and photoluminescence excitation (PLE) spectroscopy. Al­
though other optical characterisation techniques were also used (such as Raman 
spectroscopy, photoreflectance and cathodoluminescence), only the PL studies 
are described in this thesis. 
There is presently much interest in the alloy Alo.4eIno.52As because of its 
application in high-speed electronic and optoelectronic devices. It is used as 
a contact layer for GalnAs-based devices and as a window layer for InP solar 
cells [10]. In chapter 3 the PL properties of bulk Alo.4eIno.52As are reported. 
Alloy clustering and localization of carriers is demonstrated by PL and PLE 
measurements as a function of excitation density and temperature. The first 
observation of phonons with PL is reported in Alo.4eIno.52As. 
In chapter 4 the Alo.4eIno.52As/InP interface is studied. This heterostructure 
has a staggered band alignment (i.e., a type-II heterostructure), which provides 
the spatial separation of electrons confined to the InP, and holes confined to 
the Alo.4eIno.52As [11]. The transition between these spatially separated carriers 
is studied with PL and PLE. With PLE spectroscopy the diffusion of created 
carriers to the interface is studied, whereas the localization at the interface is 
demonstrated by PL measurements as a function of temperature. 
Finally, the localization of carriers in the Alo.4eIno.52 As bulk and on the inter-
14 
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face as reported in chapters 3 and 4 is explained in chapter 5. By measuring the 
polarization properties of the bulk PL, a long-range ordering in Alo.4elno.52 As can 
be observed. The polarization data from the interface PL confirm that this tran­
sition is type-II. 
The second part of this thesis starts at chapter 6, in which PL spectra of 
extremely high purity Al„Gai_
x
As are reported. Excitonic linewidths were mea­
sured that are, up to today, the narrowest ever reported for MOVPE-grown 
Al
x
Gai_
x
As. 
In chapter 7 PL spectra are reported of the initial results of Al
x
Gai_
x
 As grown 
by MOVPE using the new precursor dimethylethylamine-alane, which was de­
veloped to grow Al-containing layers with extremely low carbon content. A re­
duction in carbon incorporation by a factor 50 was found, as compared with 
growth using a conventional aluminum precursor. The aluminum incorpora­
tion as a function of growth temperature as well as the electrical and optical 
properties at different aluminum fractions, are reported in chapter 8. In chap­
ter 9 some unprecedented excitonic features are reported in the PL spectra of 
Al
x
Gai_
x
As grown with this new precursor. 
Quantum wires are generally grown by depositing quantum wells with 
Al
x
Gai_
x
As barrier layers in V-grooved substrates [12]. The height of the band 
gap of the Al
x
Gai_
x
As barrier layers (which is determined by the aluminum 
fraction) is important for the electronic sub-band separation in the quantum 
well, which is significant to achieve quasi-lD carriers. In chapter 10 spatially-
resolved PL measurements are described on Al
x
Gai_
x
As grown on a nonplanar 
substrate. The aluminum fractions of the various facets of three grooves with 
varying widths were determined with a spatial resolution of 1 μπι. 
In the first part of chapter 11 PL energies of several transitions are deter­
mined as a function of aluminum fraction and relationships between those are 
given in both the direct and the indirect band gap region. In the second part of 
this chapter a new unknown transition in this material at 1.95 eV is reported. In 
chapter 12, the PL properties of this newly identified transition are investigated 
as a function of temperature and excitation energy, as well as after annealing the 
sample. 
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Experimental techniques 
2.1 Introduction 
Photoluminescence (PL) has been widely used over the last decades to charac­
terise semiconductor materials. Especially III/V semiconductor materials are 
ideal for this kind of optical characterisation because of their direct bandgap 
(transitions with Дк=0). PL is used for bandgap determinations, e.g. in alloys 
and in quantum wells, as well as for (im)purity studies. Certain impurities can be 
detected with PL at a concentration as low as 1 in 109 [1]. A detailed description 
of typical transitions detected with PL in III/V semiconductor materials is given 
in references [2] and [3]. 
Before the development of the laser, PL measurements were performed with a 
(flash) lamp as excitation source. Since the development of the laser in the 1960s, 
the lamp has been replaced almost exclusively by the laser, whereupon PL be­
came a much more powerful and widely used characterisation technique. All 
PL experiments described in this thesis are performed with lasers as excitation 
source. For the detection of the luminescence signal grating monochromators 
are used for spectral dispersion in combination with photomultipliers to mea­
sure very low signal strengths. Different photomultiplier cathode materials and 
monochromator gratings are used to match the required spectral region. 
Improvements in the excitation and detection components, as well as in the 
cryostats, have led to very sensitive, high resolution PL set-ups. Special adap­
tations have made it possible to extract additional information from the PL 
measurements. Indeed many publications reported in this thesis are the result 
of these improved PL set-ups. For this reason a special chapter is dedicated to 
the experimental techniques. In section 2.2 the basic PL set-up with its separate 
components is described; in the sections 2.3 and 2.4 descriptions are given of the 
special PL set-ups. 
2.2 Basic PL set-up 
In figure 2.1 a schematic outline of a basic PL set-up is shown. The excitation 
is provided by a laser, the beam of which is modulated with an optical chopper 
at a frequency of 330 Hz. The reason for this modulation is to distinguish the 
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Laser Chopper Cryostat 
Monochromator 
Figure 2.1: Schematic outline of a basic PL set-up. 
luminescence from the background stray light. The lens is used to focus the laser 
beam on the sample at any required spotsize (larger than 250 дт). This can be 
very useful for investigations of PL properties laterally over the sample (chapter 7 
and 10). 
The samples are mounted in a cryostat in which the temperature can be con­
trolled between 4.2 and 300 K. Apart from narrower and more intense PL peaks 
at lower temperature, much extra information can be extracted by measuring the 
PL signal as a function of the sample temperature (chapter 3, 4, and 12). 
The luminescence from the samples is collected by lenses and focused on the 
entrance slit of a monochromator. A low-luminescence long-pass filter is used to 
block the reflected laser light and transmit the luminescence from the sample. 
The wavelength-resolved output of the scanning monochromator is detected by 
a photomultiplier. The measured signal (at the chopper frequency) is amplified 
by standard lock-in techniques and sent to a computer. 
In the next paragraphs the separate components are described in more detail. 
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2.2.1 Lasers 
For the excitation continuous wave (cw) Ar+ lasers were mainly used. Such 
lasers have two strong emission lines, one in the green (514 nm = 2.41 eV) and 
one in the blue region (488 nm = 2.54 eV), and several weaker lines in the near 
ultraviolet. In most experiments the 2.41 eV line was used. The 2.54 eV line 
was only applied when the penetration depth had to be small (chapter 10). The 
excitation density could be controlled by adjusting the current of the laser, by 
placing neutral density filters in the laser beam, or by varying the spotsize with 
the lens (chapter 6 and 11). 
A disadvantage of the Ar+ laser is the fixed wavelength. For this reason tun-
able wavelength lasers were also used. A ring dye laser was initially used, which 
was pumped by an Ar+ laser and using Styryl 9 as the dye. The wavelength of this 
laser could be tuned from 810 nm to 890 nm, which enabled resonant excitation 
of the GaAs at its near-band-edge transitions, and facilitated the identification 
of donors with PL [1]. Although any desired excitation wavelength between 810 
and 890 nm could be manually adjusted, the very limited wavelength range was 
unsatisfactory for many applications. 
For this reason a Ti:sapphire ring laser was purchased. With two mirror sets 
the wavelength range over which this laser can be tuned runs from 690 nm to 
940 nm. An optical layout of the cavity of the Ti:sapphire ring laser is shown 
pump mirror PI 
Figure 2.2: Optical layout of the Ti:sapphire ring laser cavity. 
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in figure 2.2. The laser cavity contains a biréfringent filter for rough wavelength 
selection and two Fabry-Perot étalons for fine wavelength tuning. With all these 
wavelength-selective elements in the cavity, the desired wavelength can be selec-
ted within 180 MHz (= 7.5xl0~4 meV = 4x l0 - 4 nm at 800 nm). 
To extend the wavelength range further towards the blue region a standing-
wave dye laser with DCM as dye was used (chapter 9). This laser, which is also 
pumped by an Ar+ laser, can be tuned from 610 to 690 nm. 
2.2.2 Monochromators 
As shown in figure 2.1, the luminescence is collected with several lenses 
and focused on the entrance slit of a monochromator. In most experiments a 
0.65-m double monochromator with 1200 lines/mm gratings driven by a stepper 
motor was used. The entrance, intermediate, and exit slits are manually adjusted 
between 50 μιη and 1 mm, which corresponds to a spectral resolution between 
0.05 and 1.1 nm at 800 nm. The advantage of a double monochromator is the 
reduction of stray light. 
In the spatially-resolved PL experiments (chapter 10) the spectral resolution 
was of minor importance. In these experiments a single grating (600 lines/mm) 
monochromator was used with larger slit widths to obtain a larger PL signal. 
2.2.3 Photomultipliers 
The output of the monochromator is detected by a photomultiplier (PM) 
with a GaAs or with a AgOCs photocathode. The GaAs PM possesses a high 
quantum efficiency of 25% to 10% from 300 to 800 nm, which corresponds to a 
constant radiant sensitivity of 60 mA/W over this wavelength range. This PM is 
Peltier-cooled to -40 °C to reduce the anode dark current from 2 nA to 0.01 nA. 
Because of the bandgap of GaAs it can only be used for spectra with A <~870 nm 
(E>~1.43 eV). Above this wavelength the AgOCs PM is used (chapter 3-5). This 
PM has an Sl-response, which is sensitive up to ~1100 nm (~1.1 eV), however, its 
quantum efficiency is orders of magnitude lower than that of the GaAs PM (from 
0.4% (= 2.5 mA/W) at 800 nm to 0.03% (= 0.3 mA/W) at 1100 nm). Another 
disadvantage of this PM is its high dark current (1 mA at room temperature), 
which makes it necessary to cool the PM with liquid nitrogen to -90 °C to reduce 
the anode dark current to ~0.1 nA. 
2.2.4 Cryostats 
In most experiments the sample was fixed in a He-cooled continuous-flow 
cryostat, which permitted temperature control (from 4.2 К to room tempera­
ture) by a He flow controller together with an electrical heater The cryostat, 
which had optical access from 4 sides, was used in a 90 ^configuration (the inci-
20 
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dent and emitted beam both made an angle of 45 ° with the sample), as is shown 
in figure 2.1. The original windows of the cryostat were made of sapphire, which 
themselves emitted such high intensity luminescence that they had to be replaced 
by special-grade fused quartz windows (Spectrosil WF). The much lower back-
ground luminescence intensity from these windows made it possible to measure 
samples with a very low luminescence efficiency. The samples were mounted in a 
strain-free way on a holder that could be slightly moved in the vertical direction. 
As described in chapter 4, some measurements were performed with the sam-
ple mounted immersed in liquid He in the bore of a 7 Τ split-pair superconducting 
magnet. In order to position the sample plane at right angles to the magnetic 
field, the incident and emitted beam travelled the same way in this experiment 
and were separated by a beamsplitter. 
2.3 Photoluminescence Excitation Spectroscopy 
As described in section 2.2, the usual PL measurements consist of excita­
tion at a fixed wavelength whereby the luminescence spectrum is detected. The 
created electron-hole pairs quickly relax to (bound) excitons or are trapped by 
impurities (on a typical timescale of 1 ps). The radiative recombination (with 
timescales ranging from ns to μβ) from these meta-stable states is then detec­
ted. However, conventional PL does not provide information on the intermediate 
states through which the carriers pass in relaxing to the meta-stable states. Infor­
mation on these states can be obtained with photoluminescence excitation (PLE) 
spectroscopy. In a PLE experiment only one radiative transition is detected (the 
monochromator energy is locked to a specific luminescence transition) while the 
excitation wavelength is scanned. 
To obtain a continuous scanning excitation wavelength, precision stepper mo­
tors were connected to the biréfringent filters of the two tunable lasers mentioned 
in section 2.2.1. Different adaptations were constructed to tune all parts of the 
wavelength ranges of the lasers. When the lasers were used in these scanning 
modes, the Fabry-Perot étalons had to be removed from the cavities to prevent 
mode hops. This introduced a slight spectral broadening of the lasers. When 
a long wavelength range was scanned, the measured luminescence signal had to 
be compared to the variations in output power of the laser over these ranges 
(chapter 3 and 4). 
If the laser is resonant with an excited state (or more generally, a related 
state), the intensity of the detected transition increases. For example, when the 
detection wavelength is locked to the bound exciton transition, the PL signal 
will be enhanced at an excitation energy of the free exciton (chapter 9). The 
difference between the absorption energy and the detected energy (the so-called 
Stokes shift) can yield useful information on the localization of carriers (chapter 
3-5). 
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Finally, with knowledge of absorption spectra, the shape of the PLE spectrum 
can give information on the nature of the transition [4,5]. 
2.4 Spatially-resolved PL 
A separate set-up was built to perform PL measurements spatially-resolved 
over the samples. A translation mechanism was constructed which could be 
placed in a He bath cryostat so that it could be operated at 4.2 K. This mechanism 
consists of a horizontal translation table based on two separate spring systems to 
Figure 2.3: Schematic side view of the spatially-resolved PL 
set-up. 
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avoid vertical movement during the translation. The horizontal translations are 
effected by two computer controlled stepper motors from outside the cryostat, 
resulting in a step size of 0.25 μπι. A microscope objective is used both to focus 
the excitation beam to a spotsize of 1 μπι and to collect the luminescence. This 
lens is also mounted inside the cryostat to minimize the distance between the lens 
and the sample, and thus to minimize the spotsize and enlarge the resolution. 
Variations in luminescence properties can be detected in this way with a lateral 
resolution of 1 μπι (chapter 10). The vertical translation of the lens is manually 
controlled from outside the cryostat. The depth of field of the focused laser beam 
is calculated to be 7 μπι, and so variations in sample height exceeding this require 
refocussing. 
In figure 2.3 a side view of the apparatus is shown. Prom the top of the 
cryostat the excitation beam is directed at the microscope objective and focused 
on the sample. The luminescence is collected by the same objective and directed 
to the top of the cryostat. The long-wavelength luminescence signals are separa­
ted from the short-wavelength laser radiation by a dichroid mirror with a cut-off 
wavelength of 560 nm. The transmitted red and infrared signals are directed 
by gold mirrors to a monochromator. A more detailed description of this set-up 
which allows high-spatial-resolution scanning PL measurements at 4.2 К is given 
in references [6] and [7]. 
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Photoluminescence and Photoluminescence 
Excitation Spectroscopy on Alo.4eIno.52As 
S.M. Olsthoorn, F.A.J.M. Driessen, A.P.A.M. Eijkelenboom 
and L.J. Giling 
Department of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
A detailed study of the photoluminescence (PL) and photoluminescence exci­
tation (PLE) properties of Alo.4eIno.52As is presented. A PL linewidth of 13 
meV and a Stokes shift of only 9 meV at 4.2 К both indicate that the effect 
of clustering is minimal in our samples. The Stokes shift is 3 times lower than 
the lowest reported in the literature. No shift was observed in the position of 
the PL peak with changing excitation intensity. Both the PL energy and in­
tensity showed anomalous temperature behaviour: the energy first decreased, 
then increased and finally decreased again with increasing temperature (the so-
called inverted S-shape); the intensity showed a temperature dependence similar 
to that of amorphous semiconductors and disordered superlattices. These two 
phenomena suggest strong localization of carriers in Alo.48lno.52As, even when 
the effect of clustering is minimal. The PLE spectra showed excitonic enhance­
ment only above 40 K. The first observation of phonons with PL is reported in 
Alo.48lno.52As. Energies of 29.6 and 45.9 meV were measured for the InAs-like 
and the AlAs-like LO phonons, respectively. These phonons could only be detec­
ted below 40 K, which, on the basis of selection rules for LO phonon scattering, 
confirms the localized nature of the luminescence. 
Published in: 
Journal of Applied Physics 73, 7798 (1993). 
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3.1 Introduction 
There is presently much interest in the ternary HI-V compound Alo.4sIno.52As, 
because of its applications in high-speed electronic and optoelectronic devices. 
It is a wide band gap alloy which can be grown lattice matched to InP or 
Gao.47Ino.53As. The lower leakage current of Schottky contacts on Alo.4slno.52As 
as compared with those on GalnAs or InP improves the performance of GalnAs-
based field effect transistors and high electron mobility transistors. For this 
reason Alo.4sIno.52As is also an excellent window layer for InP solar cells. In ad­
dition, the large conduction band offset enables achievement of a higher density 
of the two-dimensional electron gas (2DEG) than for AlGaAs/GaAs heterostruc-
tures. The Alo.4sIno.52As/InP heterostructure has a staggered band alignment 
(i.e., a type II heterostructure), which provides the spatial separation of electrons 
confined to the InP, and holes confined to the Alo.4sIno.52As. 
Despite the great interest in Alo.4sIno.52 As based devices, there have only been 
several reports on the optical properties of Alo.4sIno.52 As. Several groups showed 
photoluminescence (PL) results as a function of growth parameters [1-7]. Some of 
these also describe the luminescence involving the recombination of spatially se­
parated electrons and holes at the Alo.4eIno.52As/InP interface. A more detailed 
study of the PL from the Alo.4sIno.52 As layer was performed by Oertel et al. [8], 
who claimed to see a donor-to-band (D°, h) transition together with a donor-
bound exciton (D°, X) and two donor-acceptor (D°, A0) pair bands. Tournie et 
al. [9] reported a difference of 28 meV at 4.2 К between the photoluminescence 
excitation (PLE) step edge, reduced by the exciton binding energy, and the PL 
peak (the so-called Stokes shift), which they attributed to alloy clustering. The 
effect of alloy clustering has also been observed via electrical measurements [10], 
and is predicted on the basis of the results of Monte Carlo computer simulations 
on molecular beam epitaxy (MBE) of Alo.4sIno.52As [11]. Gaskill et al. [12] re­
ported photoreflectance (PR) from 80 to 400K. They found that the value for the 
extrapolated PR energy at 14 К was 45 meV higher than their PL measurement 
at that temperature. The LO phonon energies have been determined by Raman 
spectroscopy [7,13,14] but hitherto never by PL. 
In this paper we present a detailed study of alloy clustering by optical tech­
niques. We report the PL and PLE properties of Alo.4sIno.52As as a function of 
excitation density and temperature, which has led us to conclude that there is 
only minimal clustering and strong localization of carriers in our samples. The 
first observation by PL of phonons in Alo.4sIno.52As is also reported. 
3.2 Experimental 
The two samples studied were grown by reduced pressure (200 mbar) metal-
organic vapour phase epitaxy (MOVPE) on a CVT-MOVPE 4000 reactor at EPI, 
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Cardiff. Trimethylindium (TMIn), trimethylaluminum (TMA1) and arsine were 
the source materials. The Alo.4glno.52As epilayers with a thickness of 2.5 and 
5.6 μπι were grown directly on the (100) semi-insulating InP substrates without 
a buffer layer. The growth temperature was 740 °C and the V/III ratio was 260. 
Hall measurements at 77 К showed retype carrier concentrations of 4.5xl015 
and 2.7xl015 cm - 3 , and mobilities of 10300 and 9000 cm2/Vs, respectively. At 
300 K, these measurements showed η-type carrier concentrations of 5.2 χ IO15 and 
З.бхЮ
15
 cm
- 3
, and mobilities of 2800 and 2600 cm2/Vs, respectively. 
The PL and PLE experiments were performed in an optical flow cryostat 
with the samples in He exchange gas. Unless otherwise mentioned, the spectra 
were obtained at a temperature of 4.2 K. Optical excitation was provided by 
an Ar+ laser pumped Ti:sapphire ring laser. During the PL measurements, the 
laser was fixed at a wavelength of 779 nm (1.59 eV, i.e., 60 meV above the 
bandgap) and excitation densities ranging from ~1.2 to 1.2xl0-4 W/cm2 were 
used. During the PLE measurements the laser wavelength was scanned using a 
high precision stepper motor connected to the biréfringent filter of the Tirsapphire 
laser. The étalons were removed from the laser cavity, so that the laser output was 
constant over the scanned wavelength range resulting in an excitation density of 
1.2 W/cm2. The luminescence was dispersed by a 0.6 m double monochromator 
with 1200 lines/mm gratings and detected by a cooled photomultiplier with Sl-
response. 
Although all measurements were carried out on both samples, we only show 
the PL and PLE results of one of the two samples (that with 7177=2.7xl015 cm -3 
and ^77=9000 cm2/Vs), because the results were comparable. 
3.3 Results and Discussion 
3.3.1 4.2 К spectra 
Figure 3.1 shows the PL spectrum of the Alo.48lno.52As epilayer recorded at 
4.2 K. The peak of the dominant emission is located at 1.529 eV. The linewidth is 
13 meV, which is comparable with the best data reported in the literature [3,4]. 
This narrow line indicates that clustering, which is mainly responsible for the 
broadening of the PL peak, is small. The shoulders on the low-energy side of the 
main PL peak are phonon replicas, as will be discussed in section 3.3.4. Figure 3.1 
also shows the PLE spectrum at 4.2 K, in which the monochromator was fixed to 
the top of the Alo.4eIno.52 As PL peak. The PLE spectrum consists of a step edge 
originating from band-to-band electron-hole generation [15]. The relatively large 
difference between the PL peak and the PLE step-edge is known to be due to 
clustering [9]: with PL the clusters with the narrowest band gap are measured, 
whereas with PLE the observed step edge corresponds to the average band gap 
of the material. The separation between the luminescence peak and the PLE 
step edge minus the exciton binding energy (which is calculated to be 5.1 meV 
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Figure 3.1: Photoluminescence (PL) sind photoluminescence 
excitation (PLE) spectra recorded at 4.2 K. 
in Alo.4eIno.52As [8]) is known as the Stokes shift. We measure a Stokes shift of 
9 meV, which is 3 times lower than the lowest value reported in literature, i.e., 
28 meV by Tournie et al. [9]. This further indicates that the effect of clustering 
is very low in our samples. 
3.3.2 Excitation density dependence 
No shift in energy was found for the Alo.4eIno.52As PL peak by varying the 
excitation density over 4 orders of magnitude. Figure 3.2 shows the luminescence 
intensity determined by integration of the PL peak as a function of excitation 
density. 
In general, the width of PL peaks in alloys is determined by ionized impurities 
and by alloy fluctuations. The former depends on excitation density because an 
increase in this density increases the number of ionized impurities. In contrast, 
the latter broadening (by alloy fluctuations) is independent on the excitation 
density. We did not find an increase in linewidth of our Alo.4eIno.52 As PL peak 
with increasing excitation density over 4 orders of magnitude. Therefore, we 
conclude that this width is mainly determined by alloy broadening (clustering). 
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Figure 3.2: Integrated photoluminescence intensity as a func-
tion of excitation density. 
3.3.3 Temperature dependence 
In figure 3.3 PLE and PL spectra are shown from 4.2 up to 130 K. The energy 
of the PLE step edge decreased monotonically with increasing temperature. Up 
to 40 К a step edge is observed that is typical for a band-to-band transition [15]. 
Above this temperature a clear maximum appears in the PLE spectra, which is 
indicative of excitonic transitions [16-18]. The difference between the PL peak 
energy and the PLE maximum is constant above 50 К and equal to 5.9 meV, 
which is comparable with the exciton binding energy that was reported by Oertel 
et al. [8]. In figure 3.4 the temperature dependence of the energies of the PLE 
step edge are compared with those of the PL peak. The former shows a depen­
dence that is usual for semiconductors. The solid line through the PLE data is 
a theoretical fit to the Varshni equation [19]: 
Eo(T) = Eo(0) - αΤ^Τ+Ζ?)-1 (1) 
The α and β coefficients that were used were 4.7xl0 - 4 eV/K and 149 K, respec­
tively: values taken from previously reported photoreflectance measurements on 
Alo.4eIno.52As for Τ between 80 and 400 К [12]. The PL energy as a func­
tion of temperature shows anomalous behaviour: with increasing temperature (5 
to 30 K) an initial decrease in energy was observed, followed by an increase in 
energy (T from 30 to 50 K) and finally a decrease again. This anomalous be-
I I I I I —I—1 1 1 1 1 4 1 1 I I I I I I. 
_J ' • xj I l__l • ' • ' • 
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Figure 3.3: Photoluminescence (PL) and photoluminescence 
excitation (PLE) spectra recorded at various temperatures. 
haviour at low temperatures, called the inverted S-shape, has also been observed 
in Gao.5Ino.5P [20,21], where it has been ascribed to ordering: a monolayer super-
lattice of Ga and In formed on the group III sublattice. However, these ordered 
Gao.5Ino.5P samples exhibit a shift to higher energy of 3 to 12 meV per order 
of magnitude increase in excitation density [22-24]. This strong shift and the 
accompanying long carrier lifetimes [25] point to spatially indirect recombina-
tion in the Gao.5Ino.5P caSe. As mentioned in the previous section, we observed 
no shift in energy with increasing excitation density, and therefore we conclude 
that no such spatial separation between electrons and holes is present in our 
Alo.4eIno.52As samples. 
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Figure 3.4: Energy of the photoluminescence peak and the 
photoluminescence excitation (PLE) step edge as a function of 
temperature. The fit through the PLE points is calculated using 
equation (1). 
Recently, there have been several reports on disordered superlattices consist­
ing of (AlAs)
m
(GaAs)„ with m and π randomly chosen for example to be between 
1 and 3 with average value 2 [26-29]. Strong carrier localization was reported for 
these disordered superlattices. For these disordered superlattices Yamamoto et 
al. [26] reported a PL peak energy that followed an inverted S-shaped curve with 
increasing temperature. They also reported the behaviour of the PL intensity 
as a function of temperature and found that it was determined by the presence 
of localized states. In contrast with ordered superlattices (2 monolayers of AlAs 
repeatedly followed by 2 monolayers of GaAs) and a random Alo.5Gao.5As alloy, 
which both also contain 50 % of Al for the group-Ill component, the PL intensity 
of the disordered superlattices gradually decreased with increasing temperature 
[26,27]. It appeared that the data could be fitted well to the relationship used 
for amorphous semiconductors: 
PLE 
PL 
Varshni 
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IpL = Io / [1 + A exp(T/T0)] (2) 
where Ιρχ, is the PL intensity, Τ is the measured temperature, To is the cha­
racteristic temperature corresponding to the energy depth of localized states, 
A is a tunneling factor, and Io is the PL intensity at the low-temperature li­
mit. Equation (2) is valid for amorphous semiconductors, rather than a typical 
Arrhenius-type relationship, because of the existence of localized states [30]. For 
the disordered superlattices Yamamoto et al. found a discontinuity at 100 К in 
their PL intensity versus temperature plot. Below this discontinuity they found 
a To of 19 К for the disordered superlattices, whereas a To of 4.8 К was reported 
for the random Alo.5Gao.5As alloy. This means that the PL intensities of the 
disordered superlattices are much less dependent on temperature than that of 
the random alloy. Above 100 К they found a To of 36 К for a more disordered 
superlattice and a To of 30 К for a less disordered one. 
Figure 3.5 shows the integrated PL intensity of the Alo.4gIno.52 As peak as a 
function of temperature. Both lines are computer-calculated best fits following 
equation (2). As with Yamamoto et al., a discontinuity is seen at about 100 K. 
200 
T(K) 
Figure 3.5: Integrated photoluminescence intensity as a func­
tion of temperature. The lines are computer calculated best fits 
following equation (2). 
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Below this discontinuity we calculated with equation (2) a To of 16.9 К and above 
this point a To of 28.3 K, which values are close to those measured for disordered 
superlattices. Hence, the PL intensity of the Alo.4eIno.52As as a function of 
temperature shows very similar behaviour to those for disordered superlattices. 
From this, together with the inverted S-shape of the PL peak position as a 
function of temperature, we conclude that strong localization of carriers also 
occurs in Alo.48lno.52As. 
That the detected PL peak is a donor-to-acceptor transition, which has also 
a localized nature, is not very likely. Montie and van Gurp [31] reported for the 
acceptor related PL peak also an inverted S-shape for the position as a function of 
temperature, which originated from the crossing from donor-to-acceptor to band-
to-acceptor luminescence due to the small donor ionisation energy. However, the 
fact that the Stokes shift reported by different groups on several samples all 
varied, would imply that on every sample a different donor-acceptor pair was 
detected. In contrast, a direct correlation can be found between the Stokes shift 
and the clustering effects, from which we conclude that clustering is responsible 
for the localization (see also chapter 5). 
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Figure 3.6: Photoluminescence excitation spectra with the 
monochromator fixed on the lowest energy shoulder (vertical 
lines) of the Alo.4eIno.s2As peak. 
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3.3.4 Phonon replicas 
Figures 3.6 ала 3.7 show PLE spectra with the monochromator fixed on the 
two low energy shoulders of the Alo.4eIno.52As PL peak that were observed in 
figure 3.1. Apart from the step edge, as was also observed in figure 3.1, a small 
stimulation of the PL signal of these shoulders was measured by scanning the laser 
energy across the Alo.4sIno.52 As band gap. This coupling between excitation and 
luminescence is typical for a phonon replica. The attribution of the shoulders 
to phonon replicas was confirmed by the fact that, if the detected energy (i.e., 
the wavelength of the monochromator) was changed slightly within the energy 
range of the shoulder, the PLE maximum of the small peak changed accord­
ingly in energy and height. In this way the phonon energies could be accurately 
determined, being the PLE peak maximum minus the monochromator energy. 
We found energies of 45.9±0.1 meV and 29.6±0.1 meV respectively. Mestres et 
al. [13] observed the AlAs-like and InAs-like LO phonons of Alo.4eIno.52As using 
Raman spectroscopy at 372 cm - 1 and 241 cm"1, equivalent to 46.1 meV and 
29.9 meV, respectively. With the same technique Welch et al. [7] found values 
of 367 cm - 1 and 239 cm - 1 (45.5 meV and 29.6 meV) respectively for the com-
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Figure 3.7: Photoluminescence excitation spectra with 
the monochromator fixed on the shoulder nearest to the 
Alo.48lno.52As peak (vertical lines). 
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position 3 % In-rich relative to the lattice match on InP. Therefore, the phonon 
energies measured by us with PL are in agreement with those measured using 
Raman spectroscopy. This is the first time that phonons in Alo.4gIno.52As have 
been observed using PL spectroscopy. 
1.45 1.47 1.49 1.51 1.53 1.55 
Energy (eV) 
Figure 3.8: Photoluminescence spectra with phonon replicas 
recorded from 4.2 to 50 K. The relative gain used for each part 
is shown. Note the disappearance of the phonon replicas above 
40K. 
Both AlAs-like and InAs-like LO phonon replicas disappeared if the tempera­
ture was increased above 40 K, as can be seen in figure 3.8. According to selection 
rules for scattering of excitons by LO phonons, the first LO replica is forbidden 
owing to momentum conservation [32]. However, this selection rule is relaxed 
in cases of strong spatial localization, for which the uncertainty in momentum is 
comparable with the phonon momentum. Our observation of LO phonon replicas 
only below T=40 К is therefore further evidence for the strong localization that 
appears in Alo.4gIno.52As alloys at low temperatures. 
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3.4 Conclusions 
PL and PLE properties of Alo.4eIno.52As as a function of temperature and 
excitation density have been described. A PL linewidth of 13 meV was found at 
4.2 K, comparable with the best data reported in literature. At this temperature 
a Stokes shift of 9 meV was observed, which is 3 times lower than the lowest value 
reported in literature. The PL energy did not shift with changing excitation in­
tensity. The PL peak position showed anomalous behaviour with increasing tem­
perature: the so-called inverted S-shape. The PL intensity showed temperature 
dependence usually found for disordered superlattices and amorphous semicon­
ductors. By analogy, these data indicated that localization of carriers occurs in 
our Alo.4eIno.52As samples, even while clustering was minimal. In contrast to 
the anomalous behaviour of the PL energy, the PLE step edge decreased with 
increasing temperature in a manner consistent with the usual Varshni equation. 
An excitonic effect in the PLE spectrum could be observed only above 40 K. The 
exciton binding energy was determined to be around 5.9 meV. Finally, LO InAs-
like and AlAs-like phonons were observed for the first time using PL spectroscopy 
at energies of 29.6±0.1 meV and 45.9±0.1 meV, respectively. The fact that these 
phonons could only be observed at low temperatures (T<40 K) confirmed the 
localized nature of the PL emission. 
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Photoluminescence properties of the 
Alo.48lno.52As/InP interface and the 
diffusion of carriers thereto 
S.M. Olsthoorn, F.A.J.M. Driessen and L.J. Giling 
Department of Experimented Solid State Physics, ЫМ, Faculty of Science, 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
A study of the photoluminescence (PL) ала photoluminescence excitation (PLE) 
properties of the interface luminescence of the staggered-aligned Alo.4sIno.52As/InP 
is presented, together with a study of the diffusion of carriers to this interface. 
Two PL peaks originating from the interface were measured at energies higher 
than commonly reported. This is the result of growth of the Alo.4eIno.52As layer 
directly on the semi-insulating InP substrate, which results in a much sharper 
triangular well in the conduction band than when grown on an nrtype InP buffer 
layer. Data from PL in a magnetic field and from PLE both showed that the PL 
transitions are excitonic in character. Furthermore, an inverted S-shape tempera­
ture dependence was found for the PL energy, which is characteristic of carrier 
localization. PLE measurements showed that at 4.2 К both electrons and holes 
participating in the interface PL are provided by exciton diffusion from the InP, 
whilst at 70 К they are provided by exciton diffusion from the Alo.4eIno.52As. 
The difference arises from carrier localization in the Alo.4sIno.52As toplayer be­
low 50 K. Unexpectedly, for the InP at 4.2 К the PL intensities of both excitonic 
and donor-to-acceptor transitions were independent of the absorption of laser 
light in the Alo.4sIno.52As top layer. 
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4.1 Introduction 
There is presently much interest in the ternary III-V compound Alo.4eIno.52 As 
because of its applications in high-speed-electronic and optoelectronic devices. 
This semiconductor is a wide-bandgap alloy which, at the aforementioned com­
position is lattice matched to InP or Gao.47Ino.63As. The lower leakage current of 
Schottky contacts on Alo.4eIno.52 As as compared with those on GalnAs or InP im­
proves the performance of GalnAs-based field effect transistors (FETs) and high 
electron mobility transistors (HEMTs). For the same reason, Alo.4sIno.52As is 
also an excellent window layer for InP solar cells. In addition, the large conduc­
tion band offset enables achievement of a higher density of the two-dimensional 
electron gas (2DEG) than for AlGaAs/GaAs heterostructures. The heterostruc-
ture Alo.4sIno.52As/InP has a staggered band alignment (i.e., a type II het-
erostructure). The band offsets of this alignment were measured by Waldrop et 
al. [1] using X-ray photoemission spectroscopy; they found a ΔΕ„ of 160 meV 
and а ДЕ
С
 of 250 meV, whereas Hybertsen [2] calculated 250 and 340 meV, 
respectively. Bhat et al. [3] used Shubnikov-De Haas measurements to show the 
presence of a 2DEG at the Alo.48lno.52As/InP interface. Electrons accumulate in 
the lightly η-doped InP layer, whilst holes are bound on the Alo.4eIno.52As side 
of the interface by the depletion field caused by the space-charge density in the 
InP layer. This enables spatially indirect radiative transition between electrons 
confined to the InP and holes confined to the Alo.4sIno.52As. 
Numerous authors report photoluminescence (PL) originating from the 
Alo.48lno.52As/InP interface at energies in the range 1.0 - 1.25 eV [3-8]. Bhat et 
al. [3] measured an interface PL of 1.19 eV at 5 К the intensity of which depended 
linearly on the excitation intensity over three orders of magnitude. Aina et al. 
[7] compared the interface PL from an Alo.4eIno.52As layer grown directly on 
the semi-insulating InP substrate with that from one grown on an τι-type InP 
buffer layer. For the former, which was expected to have a poorer interface, 
they found a dominating peak at 1.00 eV, while at higher excitation intensities a 
second peak appeared at 1.13 eV. For the latter layer the main peak was located 
at 1.15 eV, and only some of these samples showed a peak near 1.00 eV. They 
suggested that the 1.00 eV peak was defect related, whereas the 1.15 eV peak 
originated from band-edge indirect real-space transitions. Recently, Lugagne et 
al. [9] reported the interface PL peak at 1.215 eV for an Alo.4eIno.52As layer 
grown on an InP buffer. With photoluminescence excitation (PLE) spectroscopy 
at 2 К they found that the InP absorption edge at 1.42 eV gave only a small 
additional contribution to the luminescence signal of the interface, indicating 
that the transfer of photocreated holes to the Alo.4eIno.52 As side of the interface 
was not very efficient. Despite the small wavefunction overlap, they also found 
interband absorption between confined holes located on the Alo.4eIno.52As side 
of the interface and electrons confined to the InP side. 
In this paper we report PL measurements on the Alo.4eIno.52As/InP inter-
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face as a function of temperature and magnetic field. We also performed PLE 
measurements on the interface peak and on the InP peak as a function of tem­
perature. We found that the diffusion of carriers to the interface is strongly 
influenced by the localized states in the Alo.4sIno.52As layer. 
4.2 Experimental 
The two samples studied were obtained by reduced pressure (200 mbar) 
metalorganic vapour phase epitaxy (MOVPE) on a CVT-MOVPE 4000 reactor 
at EPI (Cardiff-U.K). Trimethylindium (TMIn), trimethylaluminum (TMA1) and 
arsine were the source materials. The Alo.48lno.52As epilayers with a thickness 
of 2.5 μτη for sample 1 and 5.6 μπι for sample 2 were grown directly on the (100) 
semi-insulating InP substrates without a buffer layer. The growth temperature 
was 740 °C and the V/III ratio was 260. Hall measurements at 77 К on sample 
1 showed an η-type carrier concentration of 4.5xl0 1 5 c m - 3 and a mobility of 
10300 cm2/Vs, whereas for sample 2 the values 2.7ХІ01 5 c m - 3 and 9000 cm2/Vs 
were measured. At 300 K, these measurements showed η-type carrier concentra­
tions of 5.2xl0 1 5 and З.бхЮ1 5 c m - 3 , and mobilities of 2800 and 2600 cm2/Vs, 
respectively. 
Most PL and PLE experiments were performed in an optical flow cryostat 
with the samples in He exchange gas. The magneto-photoluminescence (MPL) 
measurements were performed with the sample mounted in a strain-free way, 
immersed in liquid He in the bore of a 7 Τ split-pair superconducting magnet. 
Both the incident and the emitted radiation were at right angles to the layer plane 
and parallel to the magnetic field (Faraday configuration). Optical excitation was 
provided by an Ar+ laser-pumped Ti:sapphire ring laser. During the PL measure­
ments, the laser was fixed at a wavelength of 779 nm (1.59 eV, i.e., 60 meV above 
the Alo.4eIno.52As bandgap) and excitation densities ranging from 1.2xl0 - 4 to 
1.2 W/cm2 were used. During the PLE measurements the laser wavelength was 
scanned using a high-precision stepper motor connected to the biréfringent filter 
of the Ti:sapphire laser. The étalons were removed from the laser cavity to avoid 
mode hops. The excitation density during PLE measurements was ~1.2 W/cm2. 
The luminescence was dispersed by a 0.6 m double monochromator with 1200 
lines/mm gratings and detected by a liquid-nitrogen-cooled photomultiplier with 
Sl-response. 
4.3 Results and Discussion 
4.3.1 Interface luminescence 
In figure 4.1 the full PL spectrum of sample 1 recorded at 4.2 К is shown, 
with the relative gain used to record each part. The highest energy peaks located 
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at 1.531 and 1.487 eV originate from the Alo.4eIno.52As toplayer and can be 
attributed to the near-band-edge luminescence and its LO phonon replica, res­
pectively. Optical properties of these PL peaks were published separately [10]. 
The PL peaks located at 1.418 and 1.38 eV are, respectively, the exciton peak 
and the donor to acceptor (D°, A0) recombination of the InP substrate. In this 
paper we focus on the PL transitions between 1.2 and 1.35 eV, which originate 
from the recombination of electrons and holes at the Alo.48lno.52As/InP interface. 
I "1 I I I I I I I 
1.45 1.55 1.25 1.35 
Photon Energy (eV) 
Figure 4.1: Full PL spectrum of sample 1 recorded at 4.2 К 
Two peaks shown in figure 4.1 appear at the expected energies for interface 
luminescence, namely at 1.262 and 1.32 eV. For sample 2 the peaks are located at 
slightly lower energies (1.240 and 1.28 eV), and they have a smaller separation. 
The interface peaks measured by us are located at higher energies than those 
measured by other groups, who grew an InP buffer layer between the substrate 
and the Alo.4eIno.52As epilayer, so that both sides of the heterojunction were 
grown in situ. Despite the absence of a buffer layer, the interface quality of 
our heterostructures was very good as can be concluded from the relatively high 
PL intensities. The reason that our interface PL emissions are located at higher 
energies than commonly reported in literature is visualized by the band diagrams 
as shown in figure 4.2. An τι-type Alo.4gIno.52As layer on a semi-insulating InP 
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Figure 4.2: Вала diagrams of 7btype Alo.4eIno.62As on (a) 
semi-insulating InP and on (b) retype InP. 
substrate (figure 4.2a) results in a sharper confining potential for electrons on the 
InP side of the interface than that grown on an η-type InP buffer layer (figure 
4.2b). The sharper confining potential results in electron subbands located higher 
in the triangular well [11], which in turn results in higher energies of the interface 
PL peaks. 
As mentioned in the Introduction, only one other group [7] measured two PL 
peaks originating from the interface, which they attributed to a defect-related 
and a band-edge transition. On the basis of their energies and separation, we 
believe that both interface peaks observed in figure 4.1 cannot be attributed thus. 
A possible attribution for our multiple peaks is to two subbands in the triangular 
well, due to the larger intrinsic field in our case. The effect of the intrinsic field 
is confirmed by comparing the PL results with electrical data from Hall-van der 
Pauw measurements, as shown in Table I. The higher carrier concentration of 
the Alo.4sIno.52As layer of sample 1 results in a sharper triangular well, which 
in turns leads to a higher energy of the lowest subband and a greater energy 
difference between the subsequent subbands in the well [11]. For sample 1 the 
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Table I: Results of optical and electrical measurements on both 
samples. 
sample 1 
sample 2 
P L measurements 
Interface 
Ei E2 - Ei 
(eV) (meV) 
1.262 58 
1.240 40 
Hall measurements 
Alo.4eIno.52As 
П77 μ?·? 
(cm" 3 ) (cm2/Vs) 
-4.5 xlO 1 5 10300 
-2.7xl0 1 5 9000 
PL peaks are located at higher energies and their energy separation (E2-E1) 
is larger than for sample 2, which qualitatively supports the possibility that 
the two PL peaks originate from subbands in the heterojunction well. (The 
apparent higher mobility for sample 1 may be explained by the thicknesses of 
the Alo.48lno.52As epilayers: the two dimensional electron gas (2DEG) at the 
interface affects the Hall measurements of the thinner sample 1 much more than 
for sample 2.) 
The interface luminescence was measured as a function of magnetic field for 
both samples. Both the absolute intensities and the relative intensities between 
the two peaks remained the same between 0 and 6 T. Furthermore, no significant 
shift could be measured in the PL peaks from 0 to 6 T. For a band-to-band 
transition the energy increases linearly with magnetic field with one-half of the 
cyclotron energy (first Landau level). For an effective electron mass in InP of 
0.079 [12] and an effective hole mass in Alo.48lno.52As of 0.68 [13], this shift 
would be 4.9 meV from 0 to 6 Τ for an interband transition between electrons 
in the InP and holes in the Alo.48lno.52As. For excitonic transitions the change 
in energy with magnetic field is much smaller than for nonexcitonic interband 
transitions [14-16]. Therefore, we attribute the PL transitions measured by us to 
excitonic recombination. This attribution will be confirmed in the next section. 
PL spectra of sample 2 recorded at various temperatures are shown in fi­
gure 4.3. The PL signal of the high energy shoulder decreases much faster than 
the low energy peak with increasing temperature and it is absent above ~40 K; 
the same behaviour was found for sample 1. This behaviour rules out the possi­
bility of deep level luminescence from either the InP or the АІ0.48ІП0.52 As because 
the PL intensity of deep levels does not decrease so fast with increasing tem­
perature [17]. 
In figure 4.4 the PL energy of the low-energy interface peak is shown as a 
function of temperature. With increasing temperature (5-55 K) an initial de­
crease in energy was observed, followed by a small increase in energy (T from 55 
to 80 K) and finally a decrease again. This anomalous behaviour at low tempera-
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Figure 4.3: Interface PL spectrum of sample 2 recorded at 
various temperatures. The relative gain used to record each 
spectrum is given to the left. 
tures, called the inverted S-shape, has also been observed in Gao.5Ino.5P [18-20], 
bulk Alo.4eIno.52As [10] and disordered superlattices [21]. In these materials the 
inverted S-shape is ascribed to strong localization of carriers. For the interface 
PL a similar situation occurs because both electrons and holes are localized in 
the triangular potential well. The decrease in PL energy from 75 to 190 К was 
only 13 meV for sample 1, and 10 meV for sample 2, which are very low val­
ues compared to the reduction of the band gaps over this temperature range: 
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Figure 4.4: Energy of the dominant interface PL peak versus 
temperature for both samples. The solid lines are a guide to the 
eye. 
30 meV for InP [22] and 38 meV for Alo.4eIno.52As [10,23]. Van Vechten and 
Malloy [24] determined the temperature dependence of the valence and con­
duction band offsets following a thermodynamic approach. For all tetrahedrally 
bonded semiconductors they found that: 
dAE„(A/B)/dT = 0.77(dAE
ct,(A)/dT-dAEcl,(B)/dT) (1) 
and 
dAE
c
(A/B)/dT = 1.77(dAE
ct,(A)/dT-dAEc„(B)/dT) (2) 
in which ΔΕ„(Α/Β) and AEC(A/B) are the valence and conduction band offsets 
between materials A and B, respectively, and ДЕ
С
„(А) and ΔΕ
ο υ
(Β) are the band 
gaps of the two semiconductors involved. With the aforementioned decreases in 
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band gaps for InP and Alo.4sIno.52As between 75 and 190 K, we calculated a 
reduction of only 24 meV between the conduction band of InP and the valence 
band of Alo.48lno.52As. Therefore, for a staggered-band alignment in which the 
semiconductor with the lowest free energies relative to the vacuum level also 
has the lowest band gap reduction with increasing temperature, it follows that 
with increasing temperature the PL energy decrease of the interface is smaller 
than the band gap reduction of either materials. However, the reductions in PL 
energy of 13 and 10 meV, for samples 1 and 2 respectively, are still lower than 
the theoretical value. 
4.3.2 Diffusion of carriers 
As mentioned in the previous section, the interface luminescence originates 
from recombination of electrons confined to the InP and holes confined to the 
Alo.48lno.52As. In this section we focus on the diffusion of these electrons and 
holes towards the interface. Although all measurements reported in this and 
the next section were carried out on both samples, because the results were 
comparable, we only show the results of sample 2. 
In figure 4.5 two PLE spectra are shown that were recorded at 4.2 and 70 К 
with the monochromator fixed on the most intense interface PL peak. The up­
per spectrum in this figure shows the laser intensity as a function of energy. 
The oscillations in this spectrum are due to the Ti:sapphire crystal. We did not 
correct the PLE spectra for this intensity variation because the ratio of lumines­
cence intensity and excitation intensity is not nescessarily unity, and differs for 
the different PL transitions: it is usually greater than unity for excitonic transi­
tions and smaller for donor-acceptor transitions. The lower spectrum of figure 4.5 
shows that at 4.2 К the PL intensity of the interface varies only slightly when the 
laser energy exceeds the Alo.4sIno.52As bandgap of ~1.53 eV. Hence, absorption 
in the АІ0.48ІП0.52 As toplayer does not contribute significantly to interface lumi­
nescence. A strong increase in this luminescence is seen when the laser energy 
exceeds the InP bandgap: a peak appears at 1.418 eV in the PLE spectrum, the 
sharpness of which is indicative of excitonic transitions [25-28]. This indicates 
that at 4.2 К excitons are created in the InP and diffuse to the interface; there­
after the holes tunnel through to the Alo.4eIno.52As side of the interface. The 
spectrum is markedly different at 70 K: a very strong peak is seen in the PLE 
spectrum at 1.53 eV, and only a small maximum is seen around 1.413 eV. The 
peak at 1.53 eV can be attributed to excitonic absorption in the Alo.4sIno.52As. It 
has a considerably larger width than the InP exciton peak in the lower spectrum 
due to alloy- and thermal- broadening. Therefore, at 70 К excitons are created 
in the Alo.48lno.52As layer and diffuse to the interface, where the electrons tunnel 
through to the InP side of the interface. The contribution to the interface PL of 
carriers that are created in the InP is very low at this temperature. 
This carrier diffusion behaviour can be explained by localization. In a pre-
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Figure 4.5: PLE spectra with the monochromator fixed on the 
interface peak recorded at 4.2 К and 70 K. The upper trace 
shows laser intensity versus energy. 
vious paper on the optical properties of Alo.4eIno.52As [10] we showed that, de­
spite the minimal effect of clustering, strong localization of carriers occurred 
in the Alo.4eIno.52As layer at temperatures below ~50 K. Therefore, only car­
riers created in the InP are able to diffuse to the interface at 4.2 K. At 70 K, 
carriers created in the Alo.4gIno.52As are not localized [10] and they can dif­
fuse towards the interface. Because absorption of the laser occurs mainly in the 
Alo.4eIno.52As toplayer, the carriers that accumulate at the interface will come 
predominantly from the Alo.4gIno.52As. Both carrier diffusion processes to the 
interface (from the InP at 4.2 K, and from the Alo.4gIno.52As at 70 K) have exci­
tóme character. Therefore," despite the presence of potential barriers (see figure 
4.2), electrons can tunnel from the Alo.4gIno.52As to the InP side of the inter-
face and holes can tunnel in the opposite direction. In both spectra there is a 
residual PL signal when the excitation energy decreases below the InP bandgap. 
This means that direct interband absorption between hole states confined to the 
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Alo.4sIno.52As side of the interface and electron states on the InP side occurs at 
both temperatures. 
4.3.3 PLE on InP 
In figure 4.6 two PLE spectra are shown recorded with the monochromator 
fixed on the InP exciton peak. The energy dependence of the laser intensity is 
also shown (upper spectrum). The middle spectrum, recorded at 70 K, shows 
that the PL intensity of the InP excitons decreases almost to zero when the laser 
energy exceeds that of the Alo.4sIno.52 As bandgap. This is expected because there 
will be no absorption in the Alo.4sIno.52As top layer for laser energies below its 
bandgap, whereas almost all light will be absorbed there when the laser energy 
exceeds this bandgap. 
In figure 4.6 it is shown that at 4.2 К the PL originating from the InP is 
insensitive to laser excitation below or above the Alo.4sIno.52As bandgap. The 
0.5 
< 
С 
φ 
0.5-
0.5 
I I I I 1 I ι ι ι Ι I 1 ι ι ι ι ι τ ι ι r Τ Τ Τ I T I ι ι гт τ I 
1.35 1.40 1.45 1.50 1.60 
Photon Energy (eV) 
Figure 4.6: PLE spectra with the monochromator fixed on the 
InP exciton peak recorded at 4.2 К and 70 K. The upper trace 
shows laser intensity versus energy. 
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strong absorption at 1.54 eV in the Alo.4aIno.52As top layer at 4.2 K, which we 
reported previously [10], does not influence the intensity of the InP luminescence. 
By variation of the excitation intensity, we found that this cannot be explained 
by a saturation effect of the InP luminescence. Neither can it be explained by 
the diffusion of carriers from the Alo.4sIno.52As to the InP because there is both 
strong localization of carriers at this temperature [10] and strong PL originating 
from the Alo.4sIno.52As (see figure 4.1). This PLE behaviour remains unexplained 
hitherto. 
In figure 4.7 the PLE spectrum is shown recorded at 4.2 К with the mono-
chromator fixed on the (D°, A0) peak of InP (at 1.3799 eV). Variations in the laser 
intensity (upper trace) hardly influenced the (D°, A0) PL signal. As mentioned 
in section 4.3.2 this is expected for such transitions. As with the InP excitons, the 
(D°, A0) PL intensity was independent of absorption in the Alo.48lno.52As layer. 
The sharp peak at 1.4121 eV is not excitonic but can be attributed to selective-
pair luminescence of the (D°,A°) transition, i.e., resonant creation of donor-
acceptor pairs with the acceptor in an excited state [29]. The energy difference 
between the detected energy of the monochromator and this peak is 32.2 meV: 
exactly the energy of the lS3/2->2S3/2 transition for zinc as an acceptor in 
InP [29-31]. 
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Figure 4.7: PLE spectrum with the monochromator fixed on 
the InP (D°, A0) peak recorded at 4.2 K. The upper trace ehows 
laser intensity versus energy. 
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4.4 Conclusions 
In this paper we have shown PL properties of the Ab.4eIno.52As/InP in­
terface, together with a study of the diffusion of carriers to this interface. The 
interface PL showed two peaks at energies higher than the typical values reported 
in literature. This is because our Alo.4sIno.52As epilayers were grown directly on 
the semi-insulating InP substrate which, compared to growth on an retype InP 
buffer layer, results in a much sharper triangular well. No dependence of the PL 
energy on magnetic field could be found, thereby showing the excitonic character 
of the PL transition. This attribution was confirmed by PLE measurements. At 
low temperatures, an inverted S-shape was found for the PL energy versus tem­
perature, which is characteristic for carrier localization. At higher temperatures 
(75-190 K), the PL energy decreased at a slower rate than theoretically expected 
with increasing temperature. 
PLE measurements at 4.2 К showed that both electrons and holes participa­
ting in the interface PL were provided by exciton diffusion from the InP, whereas 
at 70 К the interface PL arose from excitons created in the Alo.4gIno.52As. 
This can be explained by strong carrier localization in the Alo.4eIno.52As top-
layer below 50 K. Despite the potential barriers, electrons can tunnel from the 
Alo.4sIno.52As side of the interface to the InP side, and holes can tunnel in the 
opposite direction. At both temperatures, a small interband absorption was 
measured between holes on the Alo.4sIno.52As side of the interface and electrons 
confined to the InP side. 
Finally, for the InP luminescence at 4.2 K, the PL intensities of both the 
excitonic and the donor-to-acceptor transitions of InP showed an unexpected 
independence on the absorption of laser light in the Alo.4sIno.52As top layer. At 
70 K, the intensity of the InP luminescence showed the expected dependence on 
laser absorption. 
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Sensitive spectroscopic probe of CuPtß 
ordering in А1о.48Іпо52As grown on InP and 
of their band alignment 
F.A.J.M. Driessen0, S.M. Olsthoorn6, A. Mascarenhas0, S.-H. Wei", 
G.J. Bauhuisb, and L.J. Giling6 
"National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, CO 80401, 
United States of America 
bDepartment of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toemooiveld, 6525 ED Nijmegen, the Netherlands 
The detection of C u P t s long-range ordering in Alo.4sIno.52As is presented using 
the very sensitive polarization properties of low-temperature photoluminescence. 
These properties are determined by the changes in the valence-band structure of 
the ordered state. Our measurement also reveals that the transition originating 
from the Alo.4eIno.52As/InP interface is type II, indicating the absence of an often 
reported unintended InAs quantum well. High-field magneto transport reveals 
the presence of a two-dimensional electron gas at the interface. The effect that 
the corresponding [001] potential has on the polarization properties is discussed. 
Finally, we show that similarities and differences in the optical properties of both 
Alo.4eIno.52As and Gao.52Ino.4eP can be traced to the effects that short-range 
ordering has on their respective bandstructures. 
Submitted to: 
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5.1 Introduction 
The InP-matched (Alo.4sIno.52As)
z
(Gao.47lno.63As)i_
z
 quaternary alloy has 
recently received a great deal of attention because of its application in high-
frequency electronic and long-wavelength photonic devices used for optical com­
munication (1 — 1.6μτη). Additionally, the system offers the possibility to tailor 
the type of band-alignment with the InP, being type I for ζ < 0.42 and type II 
for 0.42 < ζ < 1 [1]. At ζ = 1, Alo.4sIno.52As grown on InP gives rise to an 
optical interface transition at around 1.2 eV that is indirect in real space but 
direct in k-space [2,3]. 
However, in numerous publications [4,5] formation of an unintended thin InAs 
quantum well was reported after growing Alo.4sIno.52As on InP. Thicknesses upto 
five monolayers [6] were reported for this quantum well that induced a type I 
transition at the interface with typical luminescent energies between 0.9 and 
1.2 eV. The InAs formation is caused by the interdiffusion of As and Ρ [4] 
and seems to be correlated to the use of molecular beam epitaxy (MBE) [4,5]. 
No such unwanted quantum wells have been reported using gas-source MBE and 
metal-organic vapour phase epitaxy (MOVPE) [7-10]. Some authors [6], however, 
tend to generalize their results on InAs quantum well formation to all previously 
reported Alo.4sIno.52As on InP interfaces and even redefine the indirect band gap 
at 1.3 eV. We will show that this generalization is incorrect here. 
Pseudobinary alloys like Alo.4sIno.52As generally exhibit deviations from per­
fect random arrangements of the mixed atoms on their sublattices. These de­
viations take the forms of (i) short-range ordering (SRO), such as clustering 
(preferred association of like atoms) and (ii) long-range ordering (LRO), such 
as the monolayer superlattices stacked in the [111] and [ill] directions (CuPta-
ordering). The SRO has been shown to alter the alloy band structure signifi­
cantly [11]. It also affects other physical properties of the alloy [12-19]. The LRO 
into the CuPt-like structure reduces the symmetry from Td(43m) for the random 
alloy to Сз (3т) of the superlattice, hence causing a splitting of the valence bands 
into Ει(Γ411ι5„), Ег(Гви) and Ез(Гб„) states [20,21]. The topmost valence band 
Еі(Г4
 )5„) has a heavy-hole character, whereas the Ег(Гб„) band is light-hole like; 
the Ез(Гб ) band is the split-off band. These (Α1ι+ηΙηι_^Α82)ι(Α1ι_,,Ιηι+,,Α82)ι 
superlattices, where η is the ordering parameter [22], have a lower band gap 
than the random alloy because of zone-folding-induced repulsion of the Γ and 
L conduction-band states. The band gap reduction is found to be proportio­
nal to η2 [23]. For Alo.4sIno.52As the LRO has even been predicted to pro­
duce bulk stability [24]. Theoretical results of the ordering-induced effects for 
Alo.4sIno.52As are presented in section 5.3. Weak ordering spots corresponding 
to CuPtß ordering have indeed been observed by high-resolution X-ray diffraction 
in Alo.4sIno.52As grown by MOVPE [25,26]. 
In this paper we report the first optical observation of CuPts ordering in 
Alo.4sIno.52As by studying the polarization dependence of low-temperature pho-
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toluminescence (PL). Furthermore, we unambiguously show that the band align­
ment of our InP/Alo.4eIno.62As junction is type II by monitoring the polariza­
tion of the interface luminescence. Finally, we show that the similarities and 
differences between previously unexplained optical properties of Alo.4eIno.52As 
and GaInP2 can be traced to their respective short-range ordering. 
5.2 Experimental 
The two samples studied were grown by reduced pressure (200 mbar) MOVPE 
on a CVT-MOVPE 4000 reactor at EPI, Cardiff (UK). Trimethylindium, trime-
thylaluminiurn, and arsine were the source materials. The Alo.48lno.52As epilay-
ers with thicknesses of 2.5 and 5.6 μπι were grown directly on the (100) semi-
insulating InP substrates without a buffer layer. The growth temperature was 
740°C and the V/III ratio was 260. Under these conditions of growth, CuPtß 
ordering is the only LRO variant that can be expected, albeit that the degree 
of ordering η is expected to be low (Gomyo et αι. [27,28] used even lower tem­
peratures of growth to obtain "disordered" Alo.4eIno.52As; although exact η = 0 
material is hard to achieve with epitaxial techniques). 
Polarized photoluminescence (PL) was performed at Τ = 8K in backscat-
tering geometry with excitation far above the band gaps with an Ar+-laser at 
488 nm ensuring that relaxed carriers are unpolarized. A linear polarizer and 
l/2-λ retardation plates were used to analyze the luminescence. The linear po­
larizer was a broadband polarization beamsplitter cube which was coated to 
cover the wavelength range 620-1000 nm where its extinction coefficient was 
1000. Two different retardation plates were used: one for 830 ± 80 nm light 
to measure the Alo.4eIno.52As (810 nm) and InP (873 and 900 nm) lumines­
cence, and the other for 1080 ± 100 nm light to study the interface luminescence 
(~ 1000 nm). The retardation plates served to couple the light always in the same 
direction into the detection system thereby eliminating its polarization-dependent 
response. The detection system consisted of a SPEX 270-M monochromator and 
a charge-coupled device array. Furthermore, Shubnikov-de Haas and Hall data 
were recorded for one of the samples at Τ = 4.2 К using a 20-T Bitter magnet 
in the High-Field Magnet Laboratory, Nijmegen (NL). Temperature-dependent 
Hall-van der Pauw measurements were performed between 4 and 300 K. 
5.3 Method 
For zinc-blende semiconductors with Td symmetry, such as the random 
Alo.4sIno.52As, it is well known that the photoluminescence (PL) shows no aniso-
tropies in a perfect backscattering geometry. Hence, the ratio of the PL inten­
sities in the [1 1 0] and [1 I 0] directions r
x
 = li 1 0/I1 1 0 is unity for perfectly 
disordered Alo.48lno.52As. The two directions, however, are not equivalent for su-
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perlattices with the CuPtß ordering; this will lead to anisotropic PL intensities. 
Recently, Wei and Zunger [29] have calculated these anisotropic PL intensities 
for the ordered GaInP2 system. Their calculations revealed that the optical tran-
sitions of the Гбс conduction band to the light-hole band Γβ„ were sensitive to 
η (1/3 < τ
χ
 < 1), whereas those to the heavy-hole band Г4„,5„ were indepen­
dent of η and yielded an r
x
 = 3. Since the situation is similar in Alo.4eIno.52As, 
the low-temperature PL transition involves the Г4
 і
5„ valence band only and an 
^-independent polarization ratio of r
x
 = 3 is expected. 
Wei has theoretically predicted the effects of CuPt^ ordering in Alo.4eIno.52 As. 
Details of his calculation are described in Ref. [22]. The results of his model are 
shown in figure 5.1. The solid curves represent calculations in a cubic approxima­
tion [22], where only cell internal structural relaxation is allowed. This is valid 
for the epitaxial growth considered in this paper. The dashed curves are data for 
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Figure 5.1: Effects of CuPta LRO as a function of ordering 
parameter 77 for Alo.4eIno.52As. Δ Ε 9 is the band-gap reduction; 
Ei — E2 and Ei — E3 are the valence band splittings where the 
nomenclature is given in the text. The solid curves represent 
calculations in a cubic approximation, valid for the epitaxial 
growth considered in this paper. The dashed curves are data 
for the fully relaxed rhombohedral layer, appropriate for a free-
floating system. 
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the fully relaxed rhombohedral layer, appropriate for a free-floating system. In 
the cubic case, a band-gap reduction of 120 meV is obtained for perfectly ordered 
Alo.4eIno.52As (η = 1), and a maximal valence-band splitting (VBS) at η = 1 of 
Еі(Г4„ ) 5 і ))-Е2(Гби) = 120 meV. This VBS is considerably larger than that of 
LRO GaInP2 although the band-gap reduction of Alo.4eIno.52As is considerably 
smaller than that of G a M V 
Although the splitting of the valence bands in perfectly ordered Alo.4eIno.52 As 
is considerably larger than that of аІпРг, because of the expected low value of η 
for our samples, a mixing between light and heavy hole intensities may very likely 
result in a lower experimental value of r
x
. In the limit of η -> 0, r
x
 converges to 
unity in agreement with that of the disordered state. 
5.4 Results and Discussion 
Figure 5.2 summarizes the PL polarization data recorded for the [110] (solid 
curves) and [1Î0] (dashed curves) directions for the two samples. As explained 
above, two different retardation plates were used for the different spectral regions. 
The peak at highest energy located at 1.531 eV originates from the near-band 
edge luminescence of the Alo.4eIno.52As (see Ref. [30]). Because of its strong 
luminescence intensity this transition was recorded with an excitation density 
that was a factor of 100 lower than that the rest of the spectrum was recorded 
with. The PL peaks at 1.418 eV and 1.38 eV are the exciton and the donor-
to-acceptor (D°,A°) recombination of the InP substrate, respectively. The two 
broad PL transitions at lower energy, centered at 1.26 and 1.32 eV for sample 1 
and at 1.24 and 1.28 eV for sample 2, originate from the interface: the lower 
energy ones being recombination between n = 1 subband electrons and η = 1 
subband heavy holes, and the second ones between n = 2 subband electrons 
and n = 1 subband heavy holes [10] (the Δη=0 quantum-well selection rule is 
relaxed at type II interfaces). It will be shown below that only one subband is 
occupied but because these transitions are spatially indirect and, therefore, have 
long lifetimes the rise of the quasi-Fermi levels upon photoexcitation enables PL 
from the n
c
= 2 subband. The off-sets in the figure were given for clarity. 
The polarization ratios of the various transitions are also depicted in figure 5.2. 
The InP exciton and (D°,A°) transition show isotropical luminescence with po­
larization ratios of exactly unity as expected for the binary system. In contrast, 
the polarization ratios r
x
 of the Alo.4gIno.52As transitions are 1.86 and 1.71 for 
samples 1 and 2, respectively, and those of the interface transitions virtually 
equal 3. 
The anisotropic PL for the Alo.4eIno.52As transitions shows indeed that the 
material exhibits a weak CuPts ordering that splits the valence bands and 
changes their symmetry to Сз (3т). The fact that the ratio is markedly lower 
than the expected ratio of 3 indicates that there is a significant mixing of transi-
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Figure 5.2: Polarized PL spectra for the [1 1 0] (solid curves) 
and [1 I 0] (dashed curves) directions along with their ratio r
x
; 
A) sample 1, B) sample 2. The transitions are explained in the 
text. 
tions from the light holes Гб„ and the topmost Γ4
υ>5„ states. This is due to the 
low degree of ordering in the sample (the splitting is virtually proportional to 
η
2). The polarization ratios for the interface transitions are significantly higher 
and they almost equal the calculated ratio for ordered material without light-
hole intermixing. Before discussing the reason for this, we first conclude that 
this shows that the holes in the interface transition possess the Сз (3т) group 
symmetry and that they are located in the Alo.48lno.52As. Hence, no unintended 
InAs quantum well is present in our samples because in that case holes would 
be confined in the InAs which, despite its biaxially-stressed state on InP, would 
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yield isotropical luminescence for the [110] and [110] directions. The increase to 
the value of 3 is not due to a higher degree of ordering near the interface because 
exactly the opposite trend is expected [31]. It will be shown below that the en­
hancement of τ
χ
 for the interface transition is caused by a small increase in the 
splitting of the Г4
 і
5„ and Гб„ valence bands due to quantum confinement of the 
holes in a shallow triangular potential well near the interface. 
Although the Alo.4sIno.52As was not intentionally doped, it contained an 
η-type background concentration of 4.4 χ 101 5cm - 3 and 4.7 χ 101 5cm - 3, for 
samples 1 and 2, respectively, as measured by room-temperature Hall-van der 
Pauw measurements. This background concentration leads to the formation of 
a two-dimensional electron gas (2DEG) at the InP interface, as evidenced by 
temperature-dependent Hall data for sample 1, shown in figure 5.3. These data 
show a constant mobility below ~ 100 К and no carrier freeze-out at low T, 
which are both well-known for 2D-systems in which carriers and parental-dopant 
atoms are spatially separated [32]. The 2D-concentration of 6.8 χ 10 n cm - 2 
T(K) 
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Figure 5.3: Temperature dependent Hall measurements for 
sample 1: μα is the Hall mobility, τι is the sheet carrier con­
centration. 
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Figure 5.4: Quantum Hall effect measurements for sample 1; 
p
xy is the Hall resistance, В the magnetic field. 
measured with the Hall technique, correlates reasonably well with that deduced 
from Shubnikov-de Haas and quantum Hall effect data, recorded at Τ = 4.2K; 
the latter is shown in figure 5.4. This data exhibit only one periodicity in 
1/B and, therefore, only one subband is occupied under conditions of dark­
ness. The relationship n<io — ^Bp, where п-ю is the sheet carrier concentra­
tion and Bp is the fundamental magnetic field, yields: п-ю = 8.3 x 10 n cm - 2 . 
Bohrer, Krost, and Bimberg [9] determined the electronic bandstructure of their 
ІпР/А1о.48Іпо,52 As junction with a comparable density of the 2DEG at the inter­
face (6 χ 10 n cm - 2 ) . They show that a large splitting of 37 meV occurs between 
the topmost heave-hole state and the light-hole state. The above calculation is 
valid for conditions without photoexcited carriers. Assuming a carrier lifetime of 
1 ns, the optical excitation condition used here to record the interface PL corre­
sponds to an excess carrier density of ~ 3 χ 101 5cm- 3, which is of the same order 
of magnitude as the residual donor concentration. This significantly flattens the 
bands, the shapes of the potential wells get more shallow, and the splitting be­
tween the hole states as a result of quantum confinement will in our experiment 
be drastically reduced. 
Care should now be taken in interpreting the data. Wei and Zunger [33] 
calculated a [001] perturbation on the optical transitions involving CuPt ordering. 
They considered the perturbation due to strain but the same results would apply 
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to ал internal electric field in the [001] direction causing hole localization at 
the interface. For the case where the [001] perturbation is small compared with 
that caused by (111) LRO, the result was an increase in the separation between 
the Г4„)5„ and TQV states, thereby reducing the mixing of the two transitions 
and enabling the r
x
 to even approach 3.5. The r
x
 subsequently drops, however, 
when the [001] perturbation gains in strength. For the opposite case when (111) 
ordering is weaker than the [001] perturbation, the effect of ordering is treated 
as a perturbation. Then, the polarization ratio converges to unity, since in the 
absence of (111) ordering a pure [001] perturbation leaves the two directions [110] 
and [1Ï0] equivalent. Hence, we conclude that the electric-field induced VBS is 
most likely reduced even further as a result of the photoexcitation and that the 
[001] and LRO potentials are of similar magnitude. To check this assumption, we 
also measured the polarization ratio of the interface transition for lower excitation 
conditions. It was found that the rx gradually reduced from 2.9 to a value of 1.4 
when the excess carrier density was reduced by three orders of magnitude. This 
result agrees with the model: the [001] potential gains in strength due to reduced 
photo-flattening and the rx decreases. 
Before concluding, we want to comment on previous experimental data con-
cerning localized states using Mäder and Zunger's [11] recent theoretical results 
of SRO on the band structures of Alo.4sIno.52As and GaInP2. Our samples 
will exhibit only a low degree of SRO a because two of its indicators: the PL 
linewidth and the Stokes shift are only 13 meV and 9 meV, respectively [30]; 
the latter is a factor of 3 lower than that of any other Alo.4gIno.52As reported 
to date. The differences in cation migration rates for In and Al will enhance 
SRO in samples grown at lower temperatures [13,34]. However, the residual a 
which our Alo.4gIno.52As possesses will, according to the theory of Mäder and 
Zunger [11], cause a hole localization at the In-rich clusters, whereas the elec-
trons are virtually delocalized (very weak localization on In-rich clusters, too). 
SRO is thus predicted to act as traps for holes. We indeed observe localization in 
these Alo.4gIno.52As samples as evidenced by two experiments [8,30]: firstly, the 
so-called inverted-S shaped behaviour of PL energy versus temperature, which 
is generally present in samples with intended [35-37] or unintended [34,38-40] 
localization of carriers, and secondly, the fact that exciton diffusion from the 
Alo.4gIno.52As towards the interface only started at Τ « 50 - 70K as observed 
with T-dependent PL excitation spectroscopy. A most probable reason for the 
otherwise unknown localization mechanism is, therefore, SRO-induced trapping 
of holes with a localization energy оіквТ » 4-6 meV, with кв Boltzmann's con­
stant, that prevents exciton diffusion below 50-70 K. Along with the free-exciton 
binding energy of 5.1 meV [41] this accounts for the large energy difference be­
tween PL and PLE. That lower-temperature MBE-grown Alo.48lno.52As-layers 
have a much larger Stokes shift [42] correlates well with the larger SRO inferred 
from Monte Carlo simulations by Singh et al. [13] at typical MBE conditions, and 
those of Oh et al. [12]. These authors showed that for growth conditions charac-
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teristic for the case of MOVPE, the SRO parameter α decreases with increasing 
temperature. The fact that the "inverted-S-shapes" for Alo.4gIno.52As are hardly 
influenced by η-type doping [38] agrees with the holes being the localized carriers. 
The rest of this section is devoted to consider the case of GaInP2 because 
the similarities and differences between GaInP2 and Alo.4eIno.52As can be traced 
to their respective SRO. SRO theory predicts [11] that for аІпРг holes will be 
strongly localized at In-rich clusters and that electrons will be strongly localized 
at Ga-rich clusters; i.e. both are trapped at clusters but at spatially different po­
sitions within the alloy. Their average separation and their localization energies 
will depend on the SRO parameter α which, in turn, will depend on conditions 
of growth. In fact, localization of both electrons [40] and holes [43] have been 
reported experimentally for GaInP2 grown in the same reactor. GaInP2 also ex­
hibits the aforementioned "inverted-S shape" [39], which for this material there­
fore seems to originate from localization of both carrier types. Furthermore, a 
well-known, but not yet totally explained, phenomena in LRO GaInP2 is that a 
below-band gap PL emission is observed that shows a strong blue-shift upon in­
creasing the laser excitation density accompanied by very long lifetimes [44-46]. 
This blue-shift is too strong to attribute the transition to (D°,A°) pair recom­
bination and there is a general consensus that this emission involves spatially 
separated electrons and holes; a strong indication for this is its linear shift in a 
magnetic field [47]. We believe that SRO-induced electron and hole localization 
on Ga and In domains, respectively, provides the spatial separation of carriers and 
conclude, therefore, that this emission is not inherent to LRO but to the SRO. [48] 
It should be noted that no such tunable emission is present in Alo.4gIno.52As [30]. 
This agrees with the prediction that SRO in Alo.4eIno.52As does not lead to spa­
tial separation of carriers since only holes are predicted to localize. The band 
gap reduction for GaInP2 is predominantly determined by LRO [11]. Therefore, 
the correlations between (i) band gap and growth parameters on the one hand, 
and (ii) the strength of the blue-shift and growth parameters on the other, which 
upto now have both been attributed to LRO [50], seem to be accidental and to 
have different origins: (i) is caused by LRO and (ii) is caused by SRO. 
5.5 Conclusions 
We presented the first optical detection of CuPt^ ordering in Alo.4gIno.52As 
grown on InP. The very sensitive polarization technique is based on the symmetry 
changes of the valence bands and their splitting, which is particularly large for 
Alo.4gIno.52As. Furthermore, the polarization data showed unambiguously that 
the interface transition was type II indicating the absence of unintended InAs 
quantum well formation at the interface. Magneto-transport data revealed the 
presence of a 2DEG. The effects of the resulting [001] potential on polarization 
properties were found to affect the anisotropy of the interface transition. Finally, 
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recent theoretical predictions on SRO-induced spatial separation and localization 
of electrons and holes in GaInP2 , but only hole localization in Alo.4eIno.52 As was 
offered as an explanation for (i) the occurence of inverted-S shaped behaviour 
in both systems (hole localization) but (ii) the existence of intensity-dependent 
blue-shift (requiring both hole and electron localization) only in G a M V 
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Chapter 6 
Excitonic photoluminescence spectra 
of AlxGai_xAs grown by metalorganic 
vapour phase epitaxy 
S.M. Olsthoorn, F.A.J.M. Driessen and L.J. Giling 
Department of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toemooiveld, 6525 ED Nijmegen, The Netherlands 
Excitonic transitions were measured in AlxGai_xAs, grown by metalorganic 
vapour phase epitaxy (MOVPE), at two different alloy compositions using high 
resolution photoluminescence spectroscopy. The first observation is reported of 
an excitonic spectrum which is separated into neutral donor, ionized donor and 
neutral acceptor bound exciton transitions ((D°,X), (D+,X) and (A°,X)) at an 
aluminum fraction higher than 20 %. A significant decrease in linewidth of the 
(D°,X) peak is found by decreasing the excitation density. This means that the 
linewidths of the various excitonic transitions are, apart from alloy broadening, 
strongly dependent on the long range Coulombic potentials of the ionized impu-
rities in our samples. Finally, linewidths of 1.75 and 2.5 meV were measured for 
the (D°,X) transition for samples with Al fractions of 0.12 and 0.244, respectively. 
These are the smallest values ever reported in literature for samples grown by 
MOVPE. 
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6.1 Introduction 
The ternary semiconductor Al
x
Gai_
x
As is an important material for the 
fabrication of optoelectronic and microwave devices. This material is commonly 
grown by liquid phase epitaxy (LPE), molecular beam epitaxy (MBE) or metal-
organic vapour phase epitaxy (MOVPE). Low temperature photoluminescence 
spectroscopy is a useful technique to obtain information about this semiconduc­
tor. Especially the excitonic emission spectra give information about the quality 
of the alloy. 
Singh and Bajaj [1] and Schubert et al. [2] independently calculated the 
full width at half maximum (FWHM) of the bound excitonic lines as a function 
of alloy composition in perfectly random alloys, thereby treating the exciton as 
a classical system. In a later paper Singh and Bajaj [3] again calculated this 
FWHM for a perfectly random alloy, following a quantum mechanical approach. 
The result of these last calculations was a considerably smaller value for the 
FWHM as a function of alloy composition. 
The best experimental results of the excitonic linewidths observed for 
Al
x
Gai_
x
As samples grown with MOVPE, up to now, were reported by Shealy 
et al. [4] and Deschler et al. [5]. The best observed linewidths for MBE grown 
samples were, however, roughly twice as narrow at the same aluminum fractions 
as reported by Reynolds et al. [6-8]. 
In this paper we report excitonic linewidths of MOVPE grown samples which 
are comparable to MBE grown samples and hence an improvement by a factor 
two is obtained in comparison to FWHM values for previously reported MOVPE 
grown Al
x
Gai_
x
As samples. Furthermore, a linewidth reduction of almost 30 
percent is obtained by decreasing the excitation density which means that the 
broadening effect due to residual ionized impurity centers is not negligible in our 
samples. 
6.2 Experimental 
The Al
x
Gai_
x
As epilayers which were used in this study were grown on 
(100)2° off towards (110) semi-insulating GaAs sustrates. Sample 1 was grown 
at atmospheric pressure in a SPI-MOCVD 450 reactor at Spire Corporation. The 
growth temperature was 800 °C and the V/III ratio was 15. Sample 2 was grown 
at a pressure of 950 mbar in a CVT-MOVPE 4000 reactor at EPI. In this case 
the growth temperature was 760 °C and the V/III ratio was 50. In both runs 
high quality trimethylaluminum grade M of Billiton Precursors was used. Hall 
measurements at 77 К showed η-type carrier concentrations of 1.7 xlO15 cm - 3 
and 1.8xl015 cm - 3 , respectively. Thicknesses of both Al
x
Gai_
x
As layers were 
about 4 μτη. 
The photoluminescence measurements were performed at 4.3 K, with the sam-
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pie in He exchange gas. Optical,excitation was provided by the 2.41 eV (514.5 nm) 
line from an Ar+ laser with excitation densities ranging from (1.8±0.25) χ IO - 2 to 
5.6±0.6 W/cm2. The luminescence was dispersed by a 0.6 m double monochro-
mator and detected by a cooled photomultiplier tube with Sl-response. 
6.3 Results and Discussion 
Two samples were investigated. The Al fractions χ of the samples were cal­
culated using Casey's relationship [9]: 
Eg(AlxGa!_xAs) = Es(GaAs) + 1.247 · χ (1) 
Cu 
Ρ=5.β W/cm' 
I I I I I | I I I I I I I I I 
FWHM=2.37 meV 
FWHM=2.22 meV 
•P=l.lxiO"' W/cm2 
FWHM=1.97 meV 
FWHM=1.75 meV 
1.052 1.656 1.660 1.664 
Photon energy (eV) 
1.668 
Figure 6.1: Exciton spectra of sample 1 (x=0.12) recorded 
at various excitation densities (P). The relative gain used to 
record each spectrum is given to the left. The linewidth of the 
individual (D°,X) peak (FWHM) of each spectrum is given to 
the right. 
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where the bandgap (Eg) of AlxGai_xAs can be derived by the addition of the 
exciton binding energy as a function of Al fraction [10] to the energy of the free 
exciton peak. This leads to Al fractions of 0.120 and 0.244 for samples 1 and 2, 
respectively. 
Figure 6.1 shows the excitonic spectra of sample 1 recorded at different 
excitation densities. The excitation beam was focused to a spot-
size of (2.0±0.2)xl0-3 cm2. At the lowest excitation density the clearest sep­
aration between various bound exciton peaks is observed; (D°,X), (D+,X) and 
(A°,X) transitions are resolved. The linewidths (FWHM) of the individual peaks 
are derived from the half-width at half-maximum (HWHM) at the high-energy 
side of the spectrum with an experimental accuracy of 0.1 meV. This FWHM 
slightly overestimates the real linewidth because of the high-energy tails of the 
other peaks. These individual peakwidths get smaller at lower excitation densi-
1.804 Ι.βΟβ 1.812 1.818 1.820 
Photon energy (eV) 
Figure β.2: Exciton spectra of sample 2 (x=0.244) recorded 
at various excitation densities (P). The relative gain used to 
record each spectrum is given to the left. The linewidth of the 
individual (D°,X) peak (FWHM) of each spectrum is given to 
the right. 
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ties. The linewidth of the (D°,X) peak becomes as small as 1.75±0.1 meV at an 
excitation density of (1.8±0.25)xl0~2 W/cm2. 
Figure 6.2 shows the excitonic spectra of sample 2 recorded at various ex-
citation densities. Although the separation of the peaks is not as clear as in 
sample 1, it is still possible to resolve the (A°,X), (D+,X) and (D°,X) transi-
tions. The smallest linewidth of the (D°,X) peak in this figure is 2.5±0.1 meV 
at an excitation density of (2.1±0.25)xl0-2 W/cm2. 
In figure 6.3 the linewidths of the (D°,X) peaks of both samples are shown as 
a function of excitation density. For both samples a relatively large decrease in 
linewidth is obtained by decreasing the laser intensity. This was also found by 
Cunningham et al. [11]. From this figure it can be concluded that in our samples, 
apart from alloy broadening, the ionized impurities give rise to a broadening of 
the (D°,X) peak. 
4.00 
Φ 
E 
3.50 -
3.00 -
2.50 -
2.00 '-
• sample 1 (Al Ga As) 
0.12 0 98 
A sample 2 (Al 
1.50 
0.01 0.1 10 
Ρ (W/cm ) 
Figure 6.3: The linewidths (FWHM) of the (D°,X) transitions 
of both samples as a function of excitation density. 
To make sure that the attribution of the peaks is correct, and none of these 
peaks is to be attributed to a free exciton transition (FX), we performed PL 
measurements at higher temperatures (4.3 to 25 K). A shoulder appeared at the 
high energy side of the other excitonic peaks. We attribute this shoulder to FX 
luminescence since free excitons have a larger binding energy than bound excitons 
[12]. This means that none of the peaks in figures 6.1 or 6.2 is an FX transition. 
From figures 6.1 and 6.2 it is seen that the energy difference between the 
(A°,X) and (D°,X) peaks becomes slightly larger at higher Al fractions. It is 
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known that the (D°,X) peak follows the bandgap because the localization energy 
of the exciton on the donor is proportional to the ionization energy of the donor 
(Haynes' rule [13]) which is independent of χ at these composition values (x < 0.3) 
[14]. So, the change in energy difference between the exciton peaks can be seen as 
a change in binding energy of the exciton on the acceptor. This is expected since 
the ionization energy of acceptors is not independent of χ in the direct bandgap 
region. This behaviour was measured for CAB, the principal acceptor in MOVPE 
grown Al
x
Gai_
x
As, by Stringfellow et al. [15]. 
β.οο 
s.oo 
4.00 
^ 3.00 
s 
в ie 
ь. 
г.oo 
1.00 
о.оо 
о.о o.i о.г о.з 0.4 o.s 
Al fraction (χ) 
Figure 6.4: Experimental values of the linewidths of the bound 
exciton peaks (FWHM) as a function of aluminum fraction x. 
The dashed and solid lines are theoretical curves 1 . 
In figure 6.4 we have plotted the values of the narrowest observed excitonic 
linewidths together with the theoretical variations of the FWHM for perfectly 
random alloys, using both classical [1,2] (dashed curve) and quantum mechani­
cal [3] calculations (solid curve). Furthermore, the best experimental values of 
FWHM as found in the literature [4-8] are shown. We point out that the best 
reported experimental values obtained with MOVPE grown samples so far [4,5], 
are a factor two larger than those observed in this study 1 . 
1
 After publication of this paper a refinement of the theory on alloy broadening was published by 
Langer, Buczko and Stoneham [16]; their theoretical curve shows a remarkable correspondence 
to our experimental data. 
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6.4 Conclusions 
We have measured the excitonic spectra of high quality MOVPE grown 
AlxGai_xAs at two different alloy compositions using photoluminescence spec-
troscopy. We found that the observed linewidths are a factor two smaller than 
reported ever before for MOVPE grown samples. In both samples, with Al frac-
tions of 0.120 and 0.244, the excitonic spectrum was split into various bound 
excitons; this is the first time that such a sub-structure is reported in samples 
with χ > 0.2. A considerable reduction in linewidth was observed by decreasing 
the excitation density. Therefore, broadening due to ionized impurity centers can 
not be neglected. 
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Chapter 7 
Photoluminescence on high quality 
AlxGai_xAs grown by metalorganic 
vapour phase epitaxy using alane 
bis (dimet hylethylamine) 
S.M. Olsthoorn, F.A.J.M. Driessen and L.J. Giling 
Department of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toemooiveld, 6525 ED Nijmegen, The Netherlands 
D.M. Frigo and C.J. Smit 
Billiton Research B.V., P.O. Box 40, 6800 AA Arnhem, The Netherlands 
Photoluminescence (PL) spectra are reported of initial results of AlxGai_xAs 
grown by metalorganic vapour phase epitaxy (MOVPE), using a new precur-
sor, alane bis(dimethylethylamine), as the aluminum source. The advantage 
of this new precursor over other alane precursors used previously, is that it is 
liquid at room temperature. Using this new precursor instead of trimethylalu-
minum (TMA1), we found a reduction by a factor 6 of the relative intensity of 
the carbon-related emmision when it was used together with trimethylgallium 
(TMGa), whereas a reduction by a factor 50 was found when it was used in com-
bination with triethylgallium (TEGa). At low excitation density the linewidth 
of the separate donor bound exciton (D°,X) was 2.6 meV at an Al fraction of 
0.31. This is comparable with the smallest values ever reported in literature for 
MOVPE grown AlxGai_xAs with an Al fraction higher than 20%. This narrow 
linewidth indicates a very uniform aluminum composition. 
Published in: 
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7.1 Introduction 
The growth of Al
x
Gai_
x
As by metalorganic vapour phase epitaxy (MOVPE) 
has been conventionally carried out using trimethylaluminum (TMA1) as the alu­
minum precursor. Since the use of TMA1 leads to high levels of carbon incorpo­
ration in Al
x
Gai_
x
As layers [1] there has been considerable recent interest in the 
development of alternative aluminum sources. Although reduced carbon incorpo­
ration has been demonstrated using triethylaluminum (TEA1) [2], this precursor 
suffers from low volatility, which limits the growth rate, and its lower thermal 
stability causes problems with both compositional and thickness uniformity over 
a wafer. 
Recent publications have shown the successful MOVPE of Al
x
Gai_
x
As us­
ing trimethylamine alane (TMAA1), А1Нз(СНз)зГ^, as the aluminum source. 
Roberts et al. [3] and Jones et al. [4] have reported MOVPE of Al
x
Gai_
x
As 
with TMAA1 and trimethylgallium (TMGa) at atmospheric and reduced pres­
sure, respectively. In both cases no significant reduction in the residual carbon 
contamination was found compared to growth with TMA1 and TMGa. However, 
Jones et al. [5] found a strong reduction of the carbon acceptor-related emission 
in the 10 К photoluminescence (PL) spectrum using TMAA1 in combination with 
triethylgallium (TEGa). They recorded a full-width half-maximum (FWHM) of 
4 meV for the bound exciton peak, at an Al fraction of 0.14. Similarly, Hob-
son et al. [6] also observed a strong carbon emission in Al
x
Gai_
x
As grown by 
low-pressure (40 mbar) MOVPE using TMAA1 in conjunction with TMGa. How­
ever, their PL spectra of Alo.24Gao.7eAs grown with TMAA1 in combination with 
TEGa showed a very low intensity for the carbon emission compared to that of 
the bound exciton, even at a very low excitation density. At 1.6 К they observed a 
FWHM of the bound exciton peak of 6 meV at an Al fraction of 0.24. Linewidths 
of the bound exciton peaks for samples grown with TMAA1 plus TMGa were not 
specified in the papers mentioned above. 
Although the results of MOVPE with TMAA1 are promising, the melting 
point of this precursor is 77-78 °C, and being solid at room temperature it may 
suffer from problems with variable dosimetry similar to those encountered with 
trimethylindium [7,8]. In this letter we present PL results obtained from the first 
Al
x
Gai_
x
As layers successfully grown using a new liquid aluminum precursor, 
alane bis(dimethylethylamine), А1Нз-(К(СНз)2(СгН5))2. Since this is a liquid at 
ambient temperature (and at the temperature at which it is evaporated) dosime­
try is expected to be much more reproducible. Its properties are otherwise very 
similar to those of TMAA1. A fuller account of these will be reported later. 
Relative to Al
x
Gai_
x
As grown using TMA1 plus TMGa, a small reduction in 
carbon incorporation was observed when the new alane was used together with 
TMGa. A much greater reduction was obtained by using the alane in combi­
nation with TEGa. For the Al
x
Gai_
x
As layer grown with the new alane plus 
TMGa, the excitonic linewidth was 2.6±0.1 meV at an Al fraction of 0.31, which 
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is comparable with the narrowest ever reported for MOVPE-grown material [9]. 
7.2 Experimental 
The Al
x
Gai_
x
As epilayers which were used in this study were grown on (100) 
2° off towards (110) semi-insulating GaAs substrates. Both alane test samples 
were grown at 760 °C at a pressure of 200 mbar on a CVT-MOVPE 4000 reactor 
at EPI, Cardiff. Hall measurements at 77 К were used to determine the electrical 
properties of the Al
x
Gai_
x
As layers. Thicknesses of all Al
x
Gai_
x
As layers were 
about Αμτη. 
The Al fractions χ of the samples were calculated using Casey's relationship 
[10]: 
Eg(Al
x
Gai_
x
As) = E
s
(GaAs) + 1.247 · χ (1) 
where the bandgap (E
s
) of Al
x
Gai_
x
As can be derived by the addition of the 
exciton binding energy as a function of Al fraction [11] to the energy of the free 
exciton peak. 
The photoluminescence measurements were performed at 4.3 K, with the sam­
ple in He exchange gas. Optical excitation was provided by the 2.41 eV (514.5 
nm) line from an Ar + laser with excitation densities ranging from (2.6±0.3) χ Ю - 3 
to 2.6±0.3 W/cm2 at a spotsize of ( 4 ± 0 . 4 ) x l 0 - 2 cm2. The luminescence was 
dispersed by a 0.6 m double monochromator and detected by a cooled photomul-
tiplier tube with a GaAs photocathode. 
7.3 Results and Discussion 
Figure 7.1 shows the 4.3 К PL spectra of three samples recorded at an 
excitation density of 0.26±0.03 W/cm2. The bound exciton (BX) emissions are 
seen on the high energy side of the spectra, whereas the carbon-related emissions 
are seen on the low energy side. The uppermost spectrum is an earlier reference 
Alo.26Gao.74As sample [12] grown with high purity Billiton Precursors TMA1 and 
TMGa at 760 °C and 950 mbar. The 77 Κ η-type carrier concentration, П77, of 
this sample was 2 .0x l0 1 5 cm - 3 . The intensity ratio of the exciton to carbon-
related peak is approximately unity for this spectrum. Sample 1-0598A (the 
middle spectrum), grown with the new alane precursor plus TMGa, had an Al 
fraction of 0.31 and its П77 was 5 .1xl0 1 5 cm - 3 . The exciton peak intensity here 
is 6 times higher than that of the carbon peak. The lowest spectrum is that of 
sample 1-0604, grown with the alane precursor in combination with TEGa, for 
which the Al fraction was 0.26, and П77 was 4 .8x l0 1 5 cm - 3 . The peak intensity 
ratio is 50 for this spectrum. So in comparison with growth using TMA1 plus 
TMGa, using the new aluminum precursor together with TMGa gives a reduction 
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Figure 7.1: PL spectra of Al
x
Gai_»As grown at 760 °C using 
TMA1 and TMGa (sample 1-0245A; x=0.26), the new precursor 
together with TMGa (sample 1-0598A; x=0.31), and the new 
precursor with TEGa (sample 1-0604A; x=0.26). The relative 
gain used to record each carbon peak with respect to the exciton 
peak is given to the left of the carbon peaks. 
of the intensity of the carbon-related peak with respect to that of the excitonic 
peak of a factor of 6, and in combination with TEGa, a factor of 50. The relatively 
high values of П77 for the alane-grown samples are consistent with the detection 
of 0.6 ppm of Si in the precursor by inductively-coupled plasma optical emission 
spectroscopy. 
Figure 7.2 shows the excitonic part of the PL spectrum of sample 1-0598A 
(TMGa plus alane precursor), which had the narrowest excitonic linewidth, 
recorded at different excitation densities. At the lowest excitation density one 
peak at the high energy side is shown with a shoulder on the low energy side. 
The peak can be attributed to neutral donor bound exciton emission (D°,X), 
whereas the shoulder can be attributed to ionized donor bound (D+,X) and ac­
ceptor bound exciton emission (A°,X). The linewidth (FWHM) of the (D°,X) 
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Figure 7.2: Exciton spectra of sample 1-0598A (x=0.31), grown 
with the new precursor and TMGa, recorded at various excita­
tion densities (P). The relative gain used to record each spec­
trum is given to the right. The linewidth of the separate (D°,X) 
peak (FWHM) of the spectrum recorded at the lowest excitation 
density is shown. 
peak, which is derived from the half-width at half-maximum (HWHM) at the 
high-energy side of the spectrum, is 2.6±0.1 meV at this low excitation density; 
this value is comparable to that of the reference sample [12]. 
The alloy broadening in a perfectly random alloy has been calculated by Singh 
and Bajaj [13] to be 1.4 meV at an Al fraction of 0.31. This means that for sample 
1-0598A an additional 1.2 meV broadening in the exciton peak is caused by both 
ionized and non-ionized impurities, and by local variations in the composition. 
Even if the broadening caused by impurities is ignored and it is assumed that the 
1.2 meV broadening is caused only by variations in alloy composition (which is 
not very likely), then by equation 1 the maximum compositional deviation may 
be calculated. Thus the 1.2 meV broadening represents a deviation of less than 
0.001 in the absolute value of the Al fraction, both laterally (over the area of the 
2.6x10 
2.6x10 
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laser spot size) and, more significantly, throughout the entire 4 μτη depth of the 
epilayer, since the excitons are known to diffuse easily over such a depth [14]. 
For sample 1-0604A (TEGa plus alane precursor), the excitonic linewidth was 
3.7±0.15 meV at the lowest excitation density. Following the procedure men­
tioned above a slightly larger but still excellent upper limit of 0.002 in absolute 
compositional variation was calculated. Such extremely good compositional uni­
formity with depth for both samples indicates that the pick-up from both the 
Group III precursors during epitaxy was very stable. It is very likely that this 
excellent uniformity is a direct result of using only Group III precursors which 
are liquids at the temperature at which they are used, and consequently give very 
reproducible pick-up rates during a single growth experiment. 
Comparing our results of the excitonic linewidths with the FWHM of other 
groups, it is necessary to compare the experimental conditions. As shown in 
figure 7.2, the FWHM is very dependent upon excitation density. Since Jones 
et al. [5], who reported a FWHM of 4 meV at an Al fraction of 0.14, did not 
mention their excitation density it is possible that their exciton peak is broadened 
with respect to ours because of a much higher excitation density. They also 
measured at 10 К which gives a small additional thermal broadening with respect 
to measurements at 4.3 K. These make it impossible to compare our results with 
theirs directly. The spectrum of Hobson et al. [6] with a FWHM of 6 meV 
was measured at an excitation density of 2.5 mW/cm2, which is the same as our 
lowest excitation density. The temperature at which their spectrum was obtained 
(1.6 K) would give less thermal broadening than ours (4.3 K); and furthermore, 
their lower Al fraction (0.24, as compared to 0.31 and 0.26 for samples 1-0598A 
and 1-0604A respectively) would give less alloy broadening. Therefore, that the 
bound excitonic linewidths were consistently narrower in our samples highlights 
the excellent composition uniformity in the grown layers. 
7.4 Conclusions 
We have demonstrated via low temperature PL spectroscopy that MOVPE 
of Al
x
Gax_
x
As using the liquid alane bis(dimethylethylamine) as the aluminum 
source gives reduced levels of carbon relative to that grown with TMA1: a re­
duction of the carbon-related peak by a factor of 50 was obtained when used 
with TEGa, whereas when used with TMGa, the reduction was by a factor of 6. 
Furthermore, an exciton linewidth (FWHM) of 2.6±0.1 meV was measured at 
an Al fraction of 0.31, which is as narrow as the values reported hitherto even 
using conventional precursors [9]. This very narrow linewidth compared to exci­
tonic linewidths measured on material grown using TMAA1 [6], is an indication 
that the compositional uniformity during the growth is better using the liquid 
precursor alane bis(dimethylethylamine) instead of a solid precursor TMAA1. 
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Growth studies of AlxGai_xAs 
(x = 0.05 - 0.65) by low-pressure metal-
organic vapour phase epitaxy using 
dimethylethylamine-alane 
P.R. Hageman, S.M. Olsthoorn and L.J. Giling 
Department of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
High-quality AlxGai_xAs (x = 0.05-0.65) has been grown by low-pressure metal-
organic vapour phase epitaxy (MOVPE) using dimethylethylamine-alane 
(DMEAA1) as aluminium precursor. No temperature dependence is found for 
the growth rate or for the aluminium incorporation between T=575 °C and 
T=725 °C. The aluminium incorporation is linearly dependent on the fraction 
of DMEAA1 in the gas phase. Photoluminescence (PL) measurements show a 
very low carbon incorporation, which is independent of the aluminium fraction 
and the growth temperature. Because of this low carbon content, the epilayers 
show Tîrtype conductivity up to aluminium fractions of 0.65 and high carrier mo-
bilities. Excitonic PL peaks show narrow linewidths that are comparable with 
the best values reported in literature. This indicates that the impurity content 
is low and that compositional uniformity throughout the layer is very good. A 
multi-quantum-well with good PL properties has also been grown. 
Published in: 
Journal of Crystal Growth 142, 284 (1994). 
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8.1 Introduction 
There is a great interest in replacing the conventional aluminium precursor 
trimethylaluminium (TMA1) by alternative precursors in metalorganic vapour 
phase epitaxy (MOVPE) of AlxGai_xAs. The use of TMA1 in this process, es-
pecially in combination with trimethylgallium (TMGa), results in AlxGai_xAs 
epilayers that contain significant concentrations of carbon [1]. This carbon conta-
mination arises from the incomplete elimination of methyl groups from the mono-
methylaluminium species during the growth. With respect to this point, some 
improvements can be made when triethylaluminium (TEA1) is used [2]. However, 
TEA1 suffers from low volatility, which necessitates heating of source and reactor 
lines. This can lead to premature decomposition of TEA1 and, in turn, causes 
problems with uniformity of thickness and composition of the AlGaAs. An ad-
ditional drawback of the use of TMA1 in MOVPE growth of AlxGai_xAs is its 
reaction with traces of oxygen leading to the formation of volatile alkoxides [3,4]. 
These alkoxides will incorporate in the AlxGai_xAs epilayers and act as deep 
levels which decrease the photoluminescence intensity [5]. 
Recent publications [6-8] demonstrated the successful use of the alternative 
aluminium precursor trimethylamine-alane (TMAA1), i.e. AIH3 · ((CHe^N), for 
the MOVPE growth of AlxGai_xAs. Because of the absence of a direct carbon-
aluminium bond, it was expected that the growth with this precursor leads to 
a decrease of carbon incorporation as compared with using TMA1 and TMGa. 
However, for both atmospheric and reduced-pressure MOVPE, no reduction of 
the carbon concentration was found using this precursor with TMGa. In case of 
the combination of triethylgallium (TEGa) and TMAA1, a significant reduction 
in carbon incorporation was reported [9]. Although these results with TMAA1 
are promising, the major drawback of this precursor is its high melting point (77-
78 °C). Being a solid at ambient temperature, it can cause the same problems 
with dosimetry as are encountered with trimethylindium (TMIn) [10,11]. 
Recently, Olsthoorn et al. [12] and Wilkie et al. [13] described the properties 
of AlxGai_xAs grown with a related aluminium precursor: dimethylethylamine-
alane (DMEAA1), i.e. AIH3 · (CH3)2(C2H5)N. This aluminium precursor has the 
same advantages as TMAA1 over TMA1, but lacks the problem with dosimetry 
because it is liquid at room temperature [14]. PL measurements showed a very 
low intensity of the carbon acceptor emission along with high overall PL inten-
sities and very narrow excitonic peaks [12]. Additionally, a recent publication 
demonstrates that the reaction products of DMEAA1 with oxygen or water are 
non-volatile and are not likely to be incorporated [15]. 
In this paper we report the aluminium and carbon incorporation as a func-
tion of the gas phase concentration and growth temperature of MOVPE grown 
AlxGai_xAs with DMEAA1 as the aluminium precursor. Finally, a multi-
quantum-well (MQW) structure is grown to investigate the quality of the 
AlxGai_xAs/GaAs interface. 
90 
Growth of Al
x
Gai-
x
As by LP-MOVPE using DMEAA1 
8.2 Experimental 
The experiments were carried out in a horizontal low-pressure MOVPE reac­
tor at 20 mbar. All epilayers were grown with a V/III ratio ranging from 133 to 
185, at temperatures between 575 and 725 °C, and with a total gas flow of 7 slm 
(i.e. a mean gas velocity of 228 cm/s). The growth was performed using arsine 
(AsH3), TEGa, TMGa and DMEAA1. Hydrogen, purified by a Pd-diffusion cell, 
was used as a carrier gas. All epilayers were grown without buffer layers on (100) 
2 or 4° off oriented towards (110) substrates. 
Electical properties were measured with the Hall-Van der Pauw technique 
at room temperature and with capacitance-voltage (C-V) measurements using a 
conventional C-V profiler. 
The PL measurements were performed at 4.3 К with the sample in helium 
exchange gas. Optical excitation was provided by the 2.41 eV (514.5 nm) line 
from an Ar+ laser with densities ranging from 2.6 χ Ю - 4 to 2.6W/cm2 at a 
spot size of 3.8 χ Ю - 2 cm 2. The luminescence was dispersed by a 0.6 m double 
monochromator and detected by a cooled photomultiplier tube with a GaAs 
photocathode. 
The aluminium fractions χ of the Al
x
Gai_
x
As samples with direct bandgaps 
were calculated using Casey's relationship [16]: 
Eg(Al
x
Gai_
x
As) = Eg(GaAs) + 1.247 x, (1) 
where the bandgap (E g) of Al xGai_ xAs was derived by the addition of the ex­
citen binding energy as a function of χ [17] to the energy of the free exciton 
peak. 
The aluminium fractions of the samples with indirect bandgaps were calcu­
lated according to Guzzi et al. [18]: 
Е ф .
д ) ( х ) = 1.957+ 0.25 χ, (2) 
where E( D o X ) represents the PL energy of the donor-bound exciton. 
8.3 Results and Discussion 
8.3.1 Al incorporation as function of the input mole frac­
tion DMEAA1 
All the grown epilayers possessed mirror-like surfaces, independent of the 
input mole fraction DMEAA1, the gallium precursor, the growth temperature or 
the solid composition. 
The aluminium incorporation in the Al
x
Gai_
x
As epilayer is investigated as 
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a function of gas phase composition at three different growth temperatures (625, 
650 and 725 °C) while the group III partial pressure and У/111 ratio were kept 
constant. Most growth experiments were carried out using TEGa, since this is 
expected to be the most promising combination [12,13]. 
In figure 8.1, the solid composition of the Al
x
Gai_
x
As epilayers is plotted 
versus the fraction DMEAA1 of the group III partial pressure (X
eBaPhue) for the 
three different growth temperatures. At all temperatures the same dependence 
between Xguphase and solid composition is observed. For XgfU>Phase > 0.3, a linear 
dependence with a slope of unity is found, which simplifies the adjustment of the 
solid composition. For Xgaephaee < 0.3 the ratio between the Al fractions in the 
solid and in the gas phase is less than unity, which can be explained by a higher 
saturation rate of the hydrogen pick up gas because of the low flow rates required. 
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Figure 8.1: The fraction aluminium in the solid phase (XsoHd) 
versus the fraction DMEAA1 of the total group III concentration 
(Xguphue) for three different growth temperatures: 625, 650 and 
725 °C. 
As the partial pressures of the group III compounds are about zero at the 
interface and as the diffusion coefficients of the two growth species will be about 
equal, an 1:1 relation between the fractions aluminium in the gasphase and so­
lid phase is expected. Along with results presented in the next section on the 
temperature dependence of the aluminium incorporation and the growth rate, 
we conclude that the Al
x
Gai_
x
As growth with TEGa and DMEAA1 is diffusion 
limited. This behaviour is due to the low decomposition temperatures of TEGa 
and DMEAA1. At the used growth temperatures both precursors are fully de-
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composed and, consequently, diffusion of growth species through the gas phase 
will determine the incorporation ratio. 
In figure 8.1 the results are plotted of experiments with DMEAA1 in combi­
nation with TMGa at TQ = 625 °C. This combination shows similar behaviour 
of aluminium incorporation as the growth with TEGa and DMEAA1. However, 
the relative PL intensity of the carbon-related peak compared with that of the 
exciton peak, is 10 times lower for samples grown with TEGa instead of TMGa 
at the same conditions. This strongly reduced carbon incorporation directed our 
research towards growth with TEGa. 
We found that the growth rate of the AJ
x
Gai_
x
As epilayers is independent 
of the gas phase composition at a constant group III concentration which shows 
a negligible influence of parasitic gas phase reactions in contrast with results in 
refs [13,19]. 
8.3.2 Al incorporation as function of the growth tempera­
ture 
In figure 8.2 it is shown that the aluminium incorporation with TEGa and 
DMEAA1 is almost constant over the growth temperature range from 575 to 725 
°C; Xgaaphase was 0.367 and the V/III ratio was 184 for these samples. The 
minor variations are within the uncertainty limits of the mass flow controllers. 
This independence of the growth rate and the solid composition, is again an 
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Figure 8.2: The solid phase composition (X
so
lid) versus the 
growth temperature for a fixed gas phase composition (line is a 
guide to the eye). 
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indication that the Al
x
Gai_
x
As growth with these precursors is limited by gas 
phase diffusion. Because of its insensitivity of the aluminium incorporation on 
the temperature, this diffusion limited growth is advantageous for the fabrication 
of devices. Therefore, temperature variations across the susceptor, which are 
in practice always present in MOVPE reactors, do not lead to differences in 
aluminium composition or to variations in layer thickness. 
8.3.3 Electrical characterization 
Electrical measurements showed π-type conductivity for all Al
x
Gai_
x
As epi-
layers, even those with aluminium fractions of 0.65. In contrast, for the growth 
of Al
x
Gai_
x
As with TMGa and TMA1 the layer changes from n- to p-type with 
increasing aluminium content. The nrtype conduction in Al
x
Gai_
x
As layers with 
low χ values is caused by silicon impurities in the TMA1. The change in conduc­
tion type upon increasing χ is caused by an increasing incorporation of carbon 
which originates from the TMA1. The absence of the direct carbon-aluminium 
bond in DMEAA1 prevents this enhanced carbon incorporation. 
A second remarkable property of the Al
x
Gai_
x
As layers is that the carrier 
concentrations obtained with C-V measurements show only little deviation from 
those obtained with Hall measurements. This indicates a low content of deep 
levels in the material because these levels are included in C-V but not in Hall 
measurements. 
Table I: Carrier concentrations and mobilities at 
T=293 К for AlxGai_
x
As layers with χ и 0.22 
grown at different growth temperatures using 
DMEAA1 and TEGa. 
Tgrowth ( Cj 
575 
600 
625 
650 
725 
η (cm - 3) 
2.3 χ 10 1 5 
1.7 x 10 1 5 
9.4 χ 10 1 5 
1.7 x 10 1 6 
2.6 χ 10 1 6 
μ (cn^W 1) 
1405 
3596 
4028 
3077 
3255 
DMEAA1 contains silicon as the major contaminant in about the same con­
centrations as the conventionally used TMA1 (< 0.03 ppm), which explains the 
retype conductivity of the Al
x
Gai_
x
As layers. In Table I the carrier concen­
trations and mobilities are given for Al
x
Gai_
x
As layers with x= 0.22 grown at 
different temperatures. With increasing growth temperature the carrier concen-
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tration increases as is expected for silicon doping [20]. The sample grown at 
575 °C shows a low mobility, indicating a high compensation ratio caused by 
enhanced carbon incorporation; this is confirmed by PL measurements (see sec­
tion 8.3.4). At TQ = 625°C the highest mobility is recorded, indicating a good 
electrical quality and a relatively low compensation ratio. The remaining com­
pensation can be caused by the incorporation of silicon at an As site or by other 
p-type impurities. The first is the case at the two highest temperatures, because 
at higher growth temperatures more silicon is incorporated at both lattice sites, 
thereby reducing the mobility. 
Table Н:Саггіег concentrations and mobilities at 
293K for AluGai-xAs layers with different alu­
minium fractions grown at a temperature of 725 
°C, using DMEAA1 and TEGa. 
X 
0.05 
0.11 
0.21 
0.45 
0.64 
η 
3.4 
6.4 
1.6 
4.3 
2.2 
(cm" 3) 
X 
X 
X 
X 
X 
101 5 
101 6 
101 6 
101 6 
101 6 
μ (cm'V- ' s- 1 ) 
6946 
3736 
3255 
2180 
2280 
In Table II the electrical results of epilayers with different aluminium fractions 
grown at a temperature of 725 °C are presented. At all aluminium fractions 
(even for x=0.65) the samples showed η-type conductivity, which is a direct 
result of the low carbon incorporation. The values are comparable with those 
in literature [7,9,13] showing about the same carrier concentrations and slightly 
higher mobilities. 
8.3.4 Optical characterization: Carbon incorporation and 
Al fluctuations 
Low-temperature PL measurements were performed to determine the Al-
fractions (see sections 8.3.1 and 8.3.2) and the optical quality of the epilayers. 
Figure 8.3 shows a typical 4.3 К PL spectrum of one of the samples (x= 0.22) 
using an excitation density of 2.6ХІ0-2 W/cm2. The bound-exciton (BX) emis­
sions are seen on the high-energy side of the spectrum, whereas the carbon-related 
emissions appear on the low-energy side; the ratio of their peakheights is 14. In 
Al0.2Ga0.eAs grown with the conventional precursors TMGa and TMA1, this ra­
tio is usually less than 1 at this low excitation density. This result points to a very 
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Figure 8.3: PL spectrum of ал Al
x
Gai_
x
As layer (x = 0.22), 
grown at 625 °C using DMEAA1 and TEGa recorded at an ex­
citation density of 2.6 χ 1 0 - 2 W / c m 2 . The relative gain used 
to record the carbon peak with respect to the exciton peak is 
given to the left. The inset of the figure shows the exciton peak 
recorded at an excitation density of 2.6 χ I O - 4 W/cm 2. 
low carbon content in the epilayers grown with DMEAA1. Apart from the sample 
grown at 575 °C with its higher compensation ratio, the ratios of the excitonic 
peakheights and the acceptor-related peakheights did not vary much between 
the samples (The one grown at 575 °C showed a ratio of 0.4). We did not find a 
further significant influence of the growth temperature on carbon incorporation. 
To minimize the broadening of the exciton peak by ionized impurities, this 
part of the spectrum was also recorded at an excitation density of 2.6 χ IO - 4 
W/cm2 as shown in the inset of figure 8.3. The linewidth (FWHM) of this 
bound exciton peak is then 2.8 meV. The alloy broadening in a perfectly random 
alloy was calculated to be 1.1 meV at an aluminium fraction of 0.22 by Singh and 
Bajaj [21]. This means that an additional 1.7 meV broadening in the exciton 
peak is caused by both ionized and non-ionized impurities, and by local variations 
in the composition. If it is assumed that the additional 1.7 meV broadening is 
caused only by variations in alloy composition (which is not very likely), then 
by eq. (1) the maximum compositional deviation Δχ may be calculated. Thus 
the 1.7 meV broadening represents a deviation of less than 0.0014 in the absolute 
value of the aluminium fraction, both laterally (over the area of the laser spotsize) 
and, more significantly, throughout the 2 /im depth of the epilayer, since the 
excitons are known to diffuse easily over such a depth [22]. This extremely good 
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compositional uniformity throughout the depth of the layer is a result of using 
only group III precursors which are liquids at the temperature at which they 
are used, and consequently give very reproducible pick-up rates during a single 
growth experiment. 
The excitonic linewidths of the other samples reported were also very narrow. 
We did not find a significant influence of growth temperature on these linewidths. 
This means that for all these temperatures the uniformity of the aluminium 
fraction throughout the depth of the epilayers was excellent. 
In figure 8.4 we compare our narrowest excitonic linewidths of the Al,Gai_,As 
samples with direct bandgap with the theoretical values of the FWHM for per­
fectly random alloys, using both classical (dashed curve) [23,24] and quantum 
mechanical (solid curve) [21] calculations. Furthermore, the best experimen­
tal data as found in the literature for MOVPE grown Al
x
Gai_,As are shown. 
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Figure 8.4: The linewidths of the bound exciton peaks 
(FWHMs) as a function of aluminium fraction χ for this work 
and literature. The dashed and solid lines are theoretical curves. 
97 
Chapter 8 
.û 
< 
с 
α> 
-ι—ι—ι—ι—ι ι ι ι—ι—ι ι ι—ι ι ι ι ι—г—ι—η—ι—ι—ι—i—r-
LO phonon replicas 
AIAs-like 
GaAs-like 
AIAs-like 
AIAs-like ι 
+ 
AIAs-like ι x=0.60 
2.00 2.05 2.10 2.15 
Photon Energy (eV) 
Figure 8.5: PL spectrum of an indirect Al
x
Gai_
x
As layer 
(x = 0.60) recorded at an excitation density of 2.6 W/cm 2 and 
grown at 625 °C using DMEAA1 and TEGa. 
The linewidths measured in this study axe amongst the narrowest. Remarkable 
is the relatively large improvement of these linewidths as compared with those 
of samples grown with the other alternative aluminium precursors TMAA1 and 
DEAIH-NME3. 
Figure 8.5 shows the 4.3K PL spectrum of one of the Al
x
Gai_
x
As samples 
with indirect bandgap (x=0.60) recorded at an excitation density of 2.6 W/cm2. 
The highest-energy peak is attributed to a no-phonon bound-exciton emission. 
This no-phonon transition from the conduction-band minimum at the X point 
to the valence-band maximum at the Γ point (indirect transition) has a finite 
matrix element for optical transitions due to momentum conservation provided 
by the impurity. The other peaks at lower energies are replicas, where phonons 
provide the momentum conservation. The phonon energies in Al
x
Gai_
x
As are 
well-known [30-32], so all peaks can be attributed easily. The two lowest ener­
gy peaks are replicas where two phonons are emitted. To our knowledge, this 
has never been reported in literature for indirect bandgap Al
x
Gai_
x
As. Fur­
thermore, no acceptor-related peaks are detected, which again indicates that the 
carbon contamination in these epilayers is very low. No dependence on growth 
temperature was found: all Alo.65Gao.35 As spectra were exactly equal for growth 
at 625, 650 and 725 °C. 
Finally, apart from the sample grown at 575 °C, all overall luminescence 
intensities were very high, indicating a low density of deep levels in the epilayers. 
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8.3.5 Applications of the AlGaAs growth: a multi-quantum-
well 
To investigate the abruptness of interfaces, a multi quantum layer was grown 
consisting of Al
x
Gai_
x
As barrier layers with χ = 0.23 and GaAs wells of different 
widths. In figure 8.6 the PL spectrum at 4.3 К of the multi quantum well is 
shown. Because the barrier layers were only 700 Â thick, the excitation density 
had to be higher to get a reasonable signal from this part of the sample. Due to 
this high excitation density the AlGaAs excitonic peak is broader than those in 
section 8.3.4. Due to diffusion of excitons from the cladding layers into the wells 
the intensity of the AlGaAs exciton peak is lower than those of uniform epilayers 
of section 8.3.4. The thicknesses of the wells are calculated to be 25, 42 and 76 
Â, respectively. The linewidths (FWHM) of the well peaks are very narrow, and 
for two of them even below the values for the FWHM which can be calculated for 
fluctuations in well thickness of 1 monolayer [33]. That our linewidths are much 
narrower (and so the interfaces sharper) than those of quantum wells grown 
with TMAA1 and TEGa [34], again shows the advantages of the use of liquid 
precursors. 
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8.4 Conclusions 
AlxGai_KAs layers have been grown with low pressure MOVPE using the new 
precursor DMEAA1 in combination with TEGa. A linear dependence was found 
between the aluminium fraction in the solid state and the fraction of DMEAA1 
in the gasphase. Furthermore, the aluminium incorporation and the growth rate 
were independent of the growth temperature between T=575 °C and T=725 °C. 
These two results are very advantageous, since this gas phase diffusion limited 
growth eases the adjustment of the solid composition, and is an indication for the 
absence of parasitic gas phase reactions. The growth behaviour did not change 
when TEGa was replaced by TMGa, however, the carbon incorporation increased 
considerably. 
Electrical measurements showed retype conductivity for all epilayers, even 
those with high (x=0.65) aluminium fractions. This, as well as the high mobili-
ties, is a direct result of the low carbon incorporation which reduces the compen-
sation in the layers. Layers grown at 625 °C showed the best electrical quality, 
whereas those grown at 575 °C resulted in material with a lower mobility caused 
by a high compensation ratio. Hall measurements showed carrier concentrations 
equal to those measured with C-V, which is an indication for a low density of 
deep levels. 
PL measurements showed that the carbon incorporation is indeed very low 
(except for the layer grown at 575 °C); they showed no variations with growth 
temperature or aluminium fraction. The linewidths of the bound exciton peaks 
are comparable with the best values reported in literature. This implies a low 
concentration of impurities and an extremely good uniformity of the aluminium 
content throughout the depth of the layers. This is a direct result of using only 
liquid precursors. The overall PL intensities were very high, which is again an 
indication for a low density of deep levels. A multi quantum well (MQW) was 
grown with very narrow PL linewidths, indicative of very sharp interfaces. 
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Multiple excitonic features in low carbon 
content AlxGai_xAs 
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Photoluminescence (PL) results are reported on AlxGai_xAs containing very 
low carbon concentrations grown by metalorganic vapour-phase epitaxy. Multi-
ple excitonic transitions are observed which cannot be attributed to variations 
in aluminum fractions. The localization energies of these multiple excitonic fea-
tures, which are only observed in layers with aluminum fractions greater than 
0.2, varies from 2 to 8 meV. This indicates that some of these transitions must 
be due to excitons bound to non-shallow centres, although their precise origin is 
still unknown. 
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9.1 Introduction 
Photoluminescence (PL) spectroscopy is a powerful nondestructive technique 
to obtain information about both the intrinsic and extrinsic radiative transitions 
in Al
x
Gai_
x
As alloys. In the PL spectra of nominally undoped direct bandgap 
Al
x
Gai_
x
As (x<0.4) usually one bound-exciton peak and one acceptor related 
peak [(e, A°),(D0, A0)] are detected [1,2]. The latter is accompanied by a phonon 
replica lying 36 meV lower in energy [2]. 
For shallow impurities the localization energy of the exciton on the donor 
or acceptor is proportional to the ionization energy of that donor or acceptor 
(Haynes' rule [3]). Because acceptor and donor ionization energies are known in 
Al
x
Gai_
x
As [2], it is possible to calculate the separation between the different 
bound-exciton transitions as a function of Al-fraction. 
Separate excitonic peaks (FX, (D°, X), (D+, X) and (A0, X)) cannot be 
resolved in Al
x
Gai_
x
As with x>0.2 owing to alloy broadening [4], whereas for 
x<0.2 and in GaAs separate excitonic transitions are observed [5]. 
By measuring the excitation density and temperature dependence and the 
linewidths of PL transitions their excitonic or acceptor-related nature can be 
determined. If the intensity I of a peak depends superlinearly on the excitation 
density Ρ (IocPfc, with 1<A<2), it can be attributed to excitonic or band-to-
band transitions. With increasing temperature the intensity of excitonic peaks 
decreases much faster than acceptor peaks as a result of the much lower binding 
energies of excitons. Finally, the linewidth of an excitonic peak is typically 2 to 
5 meV [4,6], whereas that of an acceptor-related transition is around 15 meV 
[6]. 
In this paper we present PL and PLE spectra of high purity Al
x
Gai_
x
As sam­
ples with x>0.2. Multiple exciton peaks are observed the nature of which cannot 
always be assigned as bound to a shallow impurity. 
9.2 Experimental 
The Al
x
Gai_
x
As epilayers were grown by metalorganic vapour-phase epitaxy 
(MOVPE) on (100) 2° off towards (110) semi-insulating GaAs substrates. For 
the growth of sample 1 (reference sample) the precursors used were trimethyl-
aluminum (TMA1), trimethylgallium (TMGa) and arsine. For samples 2, 3 and 
4, dimethylethylamine-alane was used as the aluminum precursor [7,8]. Hall 
measurements at 77 К were used to determine the electrical properties of the 
Al
x
Gai_
x
As layers; all layers showed η-type conductivity. The Al-fractions χ of 
the samples were determined from the PL spectra to be 0.226, 0.217, 0.281 and 
0.245 for samples 1 to 4, respectively. 
The PL and PLE experiments were performed in an optical flow cryostat with 
the samples in He exchange gas. Unless mentioned otherwise, the spectra were 
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obtained at a temperature of 4.8 K. For the PL measurements optical excitation 
was provided by the 2.41 eV line from an Ar+ laser with excitation densities 
ranging from 2.6xl0~3 to 2.6 W/cm2 at a spotsize of 3.8xl0~2 cm2. For the 
PLE measurements optical excitation was provided by a standing-wave dye laser 
with DCM as dye pumped by an Ar+ laser. During these measurements the 
laser wavelength was scanned using a high-precision stepper motor connected to 
the biréfringent filter of the dye laser. The étalons were removed from the laser 
cavity, so that the laser output was constant over the scanned wavelength range. 
The luminescence was dispersed by a 0.6 m double monochromator with 1200 
lines/mm gratings and detected by a cooled photomultiplier tube with a GaAs 
photocathode. 
9.3 Results and Discussion 
Figure 9.1 shows PL spectra of several AlxGai_xAs samples. The bottom 
spectrum (sample 1) shows a typical spectrum with one bound exciton peak and 
one acceptor-related peak. The energy separation of 20 meV implies that car-
bon is the acceptor involved [1]. The other 3 spectra all show additional peaks. 
Rapid thermal quenching of the PL of these additional peaks was observed, as 
was a superlinear dependence on P, from which we conclude that they are exci-
tonic. This is reinforced by their narrow linewidths (~5 meV, as compared with 
~14 meV for the low energy peak). 
X-ray diffraction measurements were performed on every sample. For all 
samples the x-ray peak originating from the AlxGai_xAs epilayer had similar 
linewidth to that from the GaAs substrate. Furthermore, the broadening of the 
acceptor peak in the PL spectra was minimal (~14 meV for every sample, which 
is the theoretical limit for an ideal acceptor peak in Alo.25Gao.75As [6]). And 
finally, only one step-edge was observed with PLE (see Fig.9.2). These three 
observations indicate that the aluminum fraction over the AlxGai_xAs layer is 
constant, and therefore we conclude that fluctuations in composition are not the 
origin of the new PL emissions. 
As mentioned in the introduction, with Haynes' rule and the known ionization 
energies it is possible to calculate the separation between the excitons bound to 
different shallow impurities (the broadening of these peaks is usually larger than 
their separation, so only one unresolved excitonic peak is observed [4]). The 
separations between some of the exciton peaks observed in our spectra exceed 
these calculated values, and so all peaks cannot be attributed as bound to shallow 
impurities; those that do are indicated with an 'S' in figure 9.1. 
For all samples the carbon concentration in the Al„Gai_xAs epilayers is very 
low. This was previously determined with PL [7], and with SIMS and electrical 
measurements [8]. Because carbon usually predominates in PL spectra of unin-
tentionally doped AlxGai_xAs, its presence at unusually low concentrations in 
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Figure 9.1: PL spectra of several Al
x
Gai_„ As samples. Sample 
1 (x=0.226) ів a reference sample grown with TMA1. Samples 
2,3 and 4 (x=0.217, 0.281 and 0.245, respectively) were grown 
with DMEAA1. See text for explanation. 
our samples might be the reason these unprecedented emissions are observed. 
Another remarkable result is that these multiple excitonic features are only 
observed in Al
x
Gai_jcAs with x>0.2. In Al
x
Gai_jcAs with x<0.2 (also grown 
with the new alane precursors) we only observed one unresolved exciton peak. 
The possibility that these new excitonic features are bound to DX centres (which 
become significant in Al
x
Gai_
x
As with x>0.2) can not be proved by our mea­
surements. 
Finally, we performed PLE experiments on these Al
x
Gai_
x
As samples. Fi­
gure 9.2 shows the PLE spectra of sample 3 along with its PL spectrum; the 
detection energies are indicated by arrows. The upper curve shows the PLE 
spectrum with the monochromator fixed on the acceptor-related peak. It shows 
a step-edge which is typical for a band-to-band transition [9]. In the middle 
spectrum the monochromator is fixed on the lower energy exciton peak: A clear 
maximum appears which is indicative of excitonic absorption [10]. 
106 
Multiple excitonic features in AlxG&i-xAs 
i ¿ 
л
 i 
M I I I M M I I I M M I I I I I I I I I I I I I ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 
1.81 1.83 1.85 1.87 1.89 
Photon Energy (eV) 
Figure 9.2: PL spectrum of sample 3 (lower trace), together 
with the PLE spectra, in which the arrows indicate the detected 
energy. 
In literature there is some discrepancy on the nature of this excitonic transi­
tion. Schubert et al. [9], DeLong et al. [11], and Tournie et al. [12] reported PLE 
measurements on Al
x
Gai_
x
As, Gao.52Ino.4eP, and Alo.4eIno.52As, respectively. 
They all attribute the peak in their excitation spectrum to a free excitonic tran­
sition introduced by the intense absorption at this energy. In earlier work, Dean 
and co-workers [13,14] and Broser et al. [15], reported in their PLE spectra on 
II-VI material a dip at the free excitonic energy, and peaks or dips at the bound 
excitonic energies. This was explained by the very strong absorption at the free 
exciton energy. This enhanced absorption takes place in a thin surface layer, 
whereas the detected luminescence (bound excitons or acceptor related transi­
tions) originates from the bulk of the crystal. Depending on the thickness of the 
layer and the quality of the surface, nonradiative surface recombination can pre­
vent carriers to participate in the luminescence. Venghaus and Dean [14] found 
that several features {e.g., donor bound excitons) in the excitation spectra can 
appear as a dip or as a peak, depending on the thickness of the layer. However, 
.О 
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all their layer thicknesses exceeded 50 /im, whereas at their thinnest sample they 
already detected peaks instead of dips. Since all our layers are only several /xm 
thick, we believe that in our excitation spectra the free exciton transition will 
appear as a peak. 
From the energy difference between this free excitonic absorption and the 
maxima of the PL exciton emission peaks, we determined that their localization 
energies are 2 and 6 meV. The PLE measurements on the other samples resulted 
in localization energies of 2 and 6.7 meV for sample 4, and 0, 3 and 7.8 meV for 
sample 2. The latter result (on sample 2) shows that the exciton at highest energy 
in the PL spectrum is a free exciton. Along with the absence of acceptor-related 
peaks this indicates the extreme purity of this sample. Some of the localization 
energies are considerably larger than that of reference sample 1, for which the 
bound exciton peak had a localization energy of 2 meV. 
9.4 Conclusions 
PL measurements on low carbon content AlxGai_xAs showed multiple ex-
citon peaks in samples with Al-fractions higher than 0.2 which were not due 
to multiple Al-fractions. Prom the relatively high localization energies (up to 
8 meV) as determined with PLE, we conclude that some of these excitons are 
not bound to shallow impurities but their origin is still unknown. They are 
probably observable because of the low carbon contamination. 
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High-spatial-resolution photoluminescence 
measurements on AlxGai_xAs grown on a 
nonplanar substrate 
S.M. Olsthoorn, M.M.G. Bongers and L.J. Giling 
Department of Experimentad Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toemooiveld, 6525 ED Nijmegen, The Netherlands 
High-spatial-resolution photoluminescence (PL) measurements are reported of 
AlxGa^jjAs grown on nonplanar substrates by metalorganic vapour phase epi-
taxy (MOVPE). The aluminum fractions are determined of the various facets 
of three grooves with varying widths. The ( l l l )A facets on the side walls of 
the grooves have an aluminum fraction 6.3% higher than that of the unpatterned 
area. The narrowest groove is exactly V-shaped showing only these ( l l l )A facets. 
Higher index facets in the corners of the bottom of the two broader grooves show 
a 27.8% reduction in aluminum fraction as compared with the unpatterned area. 
The aluminum fractions of the (100) facets at the bottom of the grooves depend 
strongly on the groove widths. 
Published in: 
Applied Physics Letters 65, 1952 (1994). 
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10.1 Introduction 
Presently there is much interest in the growth of III-V heterostructures on 
nonplanar substrates both for fundamental knowledge of growth mechanisms and 
to achieve additional degrees of quantum confinement (quantum wires or quan-
tum dots). Much fundamental work has been performed on patterned substrates 
of the AlxGai_xAs/GaAs system to yield information on the growth mechanisms 
of molecular beam epitaxy (MBE) [1-8] and metalorganic vapour phase epitaxy 
(MOVPE) [3,9-13]. The use of nonplanar substrates produces lateral variations 
in the epilayer thickness and the bandgap, which is essential for the realization 
of semiconductors with reduced dimensionality. Significant progress in the fa-
brication of quantum wire lasers has been made over the last years by growing 
quantum wells (QWs) on nonplanar substrates [13-16]. 
Lateral variations in the properties of epilayers grown on nonplanar substrates 
occur as a result of an orientation dependence of the surface kinetics during 
growth. Due to the difference in growth rate, the thickness of, for example, 
a QW can vary significantly for the differently oriented surfaces. Strong diffe-
rences in lateral surface diffusion can cause lateral variations in bandgap. With 
cathodoluminescence, bandgap variations from 10% [5] to 35% [7] were reported 
for AlxGai_xAs epilayers grown with MBE on patterned GaAs substrates. 
The importance of the height of the bandgap of the AlxGai_xAs barrier layers 
for the fabrication of quantum wires has been noted by Walther et al. [13] and 
Kapon et al. [14]. This height has a direct influence on the electronic subband 
separation in a QW [17], which is important to achieve quasi-ID carriers. This 
subband separation must exceed 23 meV (ftß Tat room temperature) to minimize 
the thermal population of higher-level subbands, which is essential for room-
temperature applications of these quantum structures. 
In this letter we present spatially resolved photoluminescence (PL) measure-
ments of high-resolution on AlxGai_xAs epilayers grown by MOVPE on non-
planar GaAs substrates. The aluminum concentrations were determined for each 
facet of three different grooves. 
10.2 Experimental 
The sample used in this study was prepared as follows. Three grooves of 
nominal widths of 5, 15 and 50 μπι were defined by photolithography in the 
[01Ϊ] direction on a (100) oriented GaAs substrate. A 3-minute chemical etch, 
using a 4:1:5 mixture of НгЭО^НгОгЛгО, produced grooves in the substrate 
which were 10, 22 and 53 μπι wide at the top, respectively. The narrowest groove 
was exactly V-shaped, whereas the others exhibited a horizontal bottom. The 
growth of the Al
x
Gai_
x
As epilayer was performed in a low-pressure MOVPE 
reactor (100 mbar) at a growth temperature of 700 °C, using a V/III ratio of 
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164, and a growth rate of 2 μτα/h. This Al
x
Gai_
x
As epilayer had a thickness of 
2 μηι and an Al fraction of 0.28 in the unpatterned area. 
The PL measurements were performed with the sample mounted on a trans­
lation mechanism with a lateral resolution of 0.25 μπι in a helium bath cryostat. 
The focusing lens (a microscope objective) was mounted inside this cryostat to 
minimize the distance from the sample to the lens. In this way a laser spot dia­
meter of ~1 μηι could be obtained, which determined the lateral resolution. A 
more detailed description of the construction and the optics of the translation 
insert can be found in Ref. [18]. Optical excitation was provided by the 2.54 eV 
(488 nm) line from an Ar+ laser. The luminescence was dispersed by a 1.0 m 
single-grating monochromator and detected by a photomultiplier tube with a 
GaAs photocathode. With the equipment mounted in a He bath cryostat it was 
possible to measure either at T=4.2 К or at 293 K. PL intensities were higher 
and linewidths narrower at 4.2 К than at 293 K. However, we found that at 4.2 К 
the lateral resolution of our measurements decreased significantly because of the 
larger diffusion lengths of the photo-created carriers; this can be tens of microns 
for undoped material at this temperature. Therefore, to conserve the high spatial 
resolution of 1 μτη all measurements were performed at room temperature. 
10.3 Results and Discussion 
Figure 10.1 shows scanning electron microscope (SEM) photographs of the 
cross sections of the three grooves after crystal growth. The V-shaped 10 μπι 
groove showed facets only grown on the side walls oriented along the (111)A 
plane. The two broader grooves showed growth at both the ( l l l )A and (100) 
facets, as well as enhanced growth from the corners between the side walls and 
the bottom. These last facets are higher index facets (n i l ) , with тг>1, in which 
η is dependent on the groove width. For the 22 μπι groove, these higher index 
facets are oriented along the (311) plane and they totally overgrow the (100) 
facet at the bottom. In the broadest groove the (100) facet at the bottom is 
clearly visible and is not totally overgrown by the higher index facets, which are 
oriented along the (211) plane in this case. 
Figure 10.2 shows PL mappings of the three grooves, recorded with a lateral 
resolution of 1 μπι. The detected wavelength was fixed at 697.0 nm, which is 
the top of the luminescence peak of the epilayer in the unpatterned area. This 
wavelength corresponds to an Al fraction of 0.284 [19]. The widths of the 
grooves as measured from these mappings is slightly less than mentioned before 
as a result of the 2 μηι thick epilayer grown in the groove. The depth of the 
grooves is ~10μπι, whereas the depth of focus of the optical system is ~8μπι 
[18]. Because the microscope objective is focused on the unpatterned area, there 
will therefore be a minor decrease in PL signal when measuring inside a groove. 
Only in the center of the broadest groove a small PL signal could be measured 
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Figure 10.1: Scanning electron microscope photographs of the 
cross sections of the Al
x
Gai_
x
As epilayers grown in the 10 μιη 
(upper), 22 μια (middle), and 53 μτη (lower) grooves. 
at the same wavelength of the unpatterned area, implying a similar aluminum 
fraction there to that of the unpatterend area. The absence of a signal on the side 
walls of this groove and in the two narrowest grooves shows that the aluminum 
fraction at these positions is completely different from that of the unpatterned 
area. 
To determine the Al fractions in the grooves we measured PL spectra at in­
tervals of 1 μιη over the cross sections. Since the depth of focus is less than the 
groove depths, the laser spot was refocused at each measurement. Measurement 
at 293 К led to thermal broadening of the PL peaks. The error in the determi­
nation of the top of these peaks was <3 meV, which corresponds to a maximum 
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10μιτι 
Figure 10.2: PL mappings with a lateral resolution of 1 μπι of 
the 10 μπι (upper), 22 μπι (middle), and 53 μπι (lower) grooves, 
at a detection wavelength of 697.0 nm (wavelength of the PL 
emission in the unpatterned area). 
deviation of ±0.002 in the Al fraction for values around 0.284. In figure 10.3, the 
peak positions and their corresponding Al fractions [19] are shown as a function 
of the coordinates along the cross sections of the grooves. In the upper graph of 
figure 10.3 it is shown that the aluminum fractions inside the 10 μπι groove are all 
higher than on the planar area. Apart from minor deviations, the Al fraction of 
these ( l l l )A facets is ~0.302, which is 6.3% higher than the 0.284 of the planar 
(100) facet outside the groove. The middle graph shows, in addition to the Al 
fraction 0.302 of the ( l l l ) A facets of the side walls, a strongly reduced aluminum 
fraction inside this 22 μηι groove. The higher index facets in the corners of the 
bottom of this groove (see figure 10.1) have an Al fraction of 0.205, which is 
27.8% lower than that of the planar section. The (100) bottom facet has an Al 
fraction of 0.215; however, this determination is not very accurate because the 
PL signal originating from this facet is covered by that of the higher index facets. 
The lower graph of figure 10.3 shows the results of the 53 μπι groove. Again the 
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Figure 10.3: PL peak energy and corresponding Al fractions 
as a function of the coordinates along the cross sections of the 
10 μπι (upper), 22 μιη (middle), and 53 μπι (lower) grooves. 
Al fraction of the side wall (111)A facets is 0.302 and that of the higher index 
facets is 0.205. The (100) facet at the bottom of this groove shows a variable Al 
fraction shifting from 0.250 near the side walls to 0.282 in the center of the groove 
(indistinguishable from that of the unpatterned area). This variable Al fraction 
is indicative of a strong influence of gas phase diffusion and surface migration on 
the growth at the (100) bottom facet. However, the ( l l l ) A and the higher index 
facets do not show concentration gradients, which means that the incorporation 
process itself has a strong .influence on the overall growth mechanisms [20]. 
While measuring along the higher index facets of this last groove, the spec­
trum changed completely upon a translation of just 1 μπι: new peaks appeared 
and others disappeared. This means that the lateral resolution of our experiment 
is indeed 1 μτη. The detection of more peaks than expected at one position is 
caused by overgrown facets, so that several epitaxial layers are excited when 
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measuring from the top. 
High aluminum fractions at the (H1)A side walls will lead to good carrier 
confinement and a high electronic subband separation in QWs. In contrast, the 
higher-index facets with their much lower aluminum fractions will result in a 
lower subband separation. For the fabrication of quantum wires, the growth of 
these facets at the bottom of grooves should be avoided. 
10.4 Conclusions 
We have measured the Al fractions of Al
x
Gai_
x
As grown with MOVPE in 
three different grooves with topwidths of 10, 22 and 53 μπι using high-spatial-
resolution PL spectroscopy. SEM photographs showed three kind of facets: 
(lll)A at the side walls of the grooves, (100) at the horizontal bottom and higher 
index facets (nil), with n>l, at the corners between the side walls and the bot­
tom. All (1H)A side-wall facets contained an Al fraction which was 6.3% higher 
than that of the unpatterned area, whereas the higher-index facets all contained 
a 27.8% lower Al fraction than the planar region. The Al fractions of the (100) 
facets at the bottom of the grooves were lower than that of the unpatterned area 
and depended strongly on the groove widths. 
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Photoluminescence properties of 
Al
x
Gai_
x
As and an investigation of 
a new 1.951 eV transition 
H.G.M. Lochs, S.M. Olsthoorn, T.P. Huijgen, F.L.M. Spijkers, 
F.A.J.M. Driessen and L.J. Giling 
Department of Expenmental Solid State Physics, ШМ, Faculty of Science, 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands. 
A detailed study of photoluminescence (PL) properties (4.3 K) of Al
x
Gai_
x
As in 
both the direct and the indirect bandgap region is presented. Linear relationships 
for the excitonic and acceptor related peak energies as a function of composition 
in both regions are given. In the indirect region a new transition at 1.951 ±0.001 
eV was measured, which energy is independent of the Al fraction of the material. 
An initial study on the PL properties of this transition is reported. 
Based on the publication in: 
Journal of Physics: Condensed Matter 3, 7179 (1991). 
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11.1 Introduction 
The PL properties of Al
x
Gai_
x
As have been investigated extensively [1-14]. 
The fact that Al
x
Gai_
x
As becomes an indirect semiconductor around χ = 0.4 
complicates the interpretation of the PL spectra with an Al fraction above this 
value. Another complicating factor arises from the fact that the methods used 
to determine the Al fraction of the material such as electron X-ray microprobe 
analysis [1-4], nuclear reaction profiling (Rutherford backscattering) [6], Auger 
electron spectroscopy sputtering [11] and elastic recoil detection [15] are not very 
accurate. Therefore, there is no unanimity in literature concerning the bandgap-
composition relationship and the composition at which the direct to indirect 
bandgap transition occurs. 
In the indirect region the uncertainties are even larger. Accurate values for 
the low temperature indirect bandgap are not available. The interpretation of the 
PL spectra in the indirect region is still ambiguous. Most authors agree on the 
fact that the main transitions are the phononless indirect exciton recombination 
and the donor acceptor pair recombination. Dingle [11] claimed that around 
the cross over point the difference in photon energy between the peak energies 
of these two transitions shows a maximum as a result of the increasing donor 
binding energy because of mixing of Γ, X and L donor states. This maximum 
in donor binding energy was confirmed by Hall measurements [16-18] and by PL 
experiments on pressure induced indirect GaAs [19]. The exact values for the 
donor binding energy, however, differed a lot. 
In this paper we present a study of PL properties of Al
x
Gai_
x
As from which 
linear relationships for the excitonic and acceptor related PL energies as a func­
tion of Al fraction are derived. In addition, we report a new transition in the 
indirect region at 1.951 ±0.001 eV which has a peak energy that does not depend 
on the Al fraction of the material. Several experiments to reveal the origin of 
this transition are performed and discussed. 
11.2 Experimental 
The epitaxial layers used in this study were grown in a conventional at­
mospheric pressure MOVPE reactor described in an earlier publication [20]. 
The] deposition parameters were: growth temperature 745 °C, V/III ratio 24, 
growth rate ~ 55 nm/min. Trimethylgallium (TMG), trimethylaluminum (TMA) 
and'arsine were the source materials. The epitaxial structures consisted of an 
Al
x
Gai_
x
As layer of 2 μπι grown on top of a thin buffer layer of 30 nm GaAs. 
These layers were grown on (100) and (110) oriented semi-insulating Cr-doped 
GaAs substrates. The (100) substrates were misoriented 2° off towards the (110) 
direction. The Al fraction χ of the Al
x
Gai_
x
As layer was varied between 0 
and 0.84. The relation between χ and the TMA+ÎMG m P u t r a t i ° w a s exten-
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sively investigated by van Sark et al. [15]. We used their relationship to cal­
culate χ using the values for the growth temperature and the TMA+TMG ш Р и * 
ratio. CV-measurements indicated that all the samples were η-type with net 
carrier concentrations ~ 2 χ 10 i rcm - 3. Hall measurements at 293 К using the 
van der Pauw [21] method on a cloverleaf shaped sample with χ = 0.47, yielded 
a Hall-carrier concentration of (4.6 ± 0.3) χ IO17 c m - 3 and a Hall-mobility of 
(975 ± 13) cm2/Vs. 
s 
1 β 1.9 2.0 
Photon Energy (eV) 
2.3 
Figure 11.1: PL spectra (4.3 K) of Al
x
Gai_
x
As samples with 
various Al fractions. The relative gain used to record each spec­
trum is given to the left. The Al fraction χ and the excitation 
density I are given to the right. The spectrum at χ = 0.84 
was measured with the laser beam focused (F) to a spotsize of 
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PL measurements were performed with the 2.41 eV (514.5 nm) line from ал 
Ar+-laser with the sample in He exchange gas at 4.3 K. For standard PL measure­
ments an excitation power of 100 mW was used with a spotsize of 3.8 x 10 - 2 cm2 
(excitation density I = 2.6 Wem - 2). The luminescence was dispersed by means 
of a 0.6 m double monochromator and detected with a cooled photomultiplier 
with Sl-response. 
11.3 Results 
11.3.1 The Al
x
Gai_
x
As-transitions 
Photoluminescence spectra of several samples with increasing Al fraction χ 
are shown in figure 11.1. In the direct bandgap region (x< 0,42) a high energy 
peak is seen which is related to donor-bound exciton (D^,X) recombinations and 
a low energy peak which is related to donor-acceptor pair transitions involving 
the CA« acceptor: (D°,CAll). Because of the alloy-broadening of the PL linewidth 
in Al
x
Gai_
x
As it is not possible to resolve the (e,CAe) transition. In the indirect 
bandgap region (x> 0.42) the assignment of the peaks is more complicated. In 
order to distinguish between the several peaks, PL spectra were measured as a 
function of excitation density. In this paper we will focus on the near-bandgap 
peaks between 1.9 and 2.2 eV. The broad peaks between 1.6 and 1.9 eV, which are 
detected in the material with χ > 0.48 (figure 11.1) and are related to complex 
defects, will not be discussed in this paper. 
A typical set of spectra with different excitation densities is shown in fi­
gure 11.2 for a sample with χ = 0.64. At high excitation densities a narrow peak 
arises at the high energy side of the spectrum. Dingle et al. [10] related this peak 
to zero-phonon donor-bound exciton (Dj^ ,X) annihilation. Sturge et al. [9], how­
ever, argued that the exciton line in undoped Al
x
Gai_
x
As (n ~ 1 - 3 χ 1016 cm - 3 ) 
is related to recombinations of localized indirect excitons scattered by alloy fluc­
tuations. Since in our samples the carrier concentrations are significantly higher 
(n ~ 2 — 5 x 1017 cm - 3 ), we believe that in our spectra donor bound exciton 
(D f^ ,X) recombinations dominate just as in the Te-doped samples measured by 
Sturge et al. [9]. 
Two narrow features located 33.2 ±1.5 and 47.3 ± 0.5 meV below the exciton 
peak, are attributed to the GaAs-like and AlAs-like LC-χ phonon replicas of 
this peak [10,11]. At the highest excitation density a shoulder is visible at the 
low energy side of the excitonic transition. This shoulder is a ΤΑχ phonon 
replica [5,6] with a phonon energy of 13 ± 2 meV. 
At low excitation densities two broader peaks remain. The peak around 1.994 
eV shifts to higher energy at a rate of 7 meV per decade of increasing excitation 
density. Such a shift is typical for donor-acceptor pair transitions [22,23] and is 
caused by saturation of distant pair transitions with increasing excitation density. 
Therefore, we attribute this peak to (D°,A°) transitions. The shift in energy is 
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Figure 11.2: PL spectra (4.3 K) of Alo64Gao3eAs recorded 
at several excitation densities. The relative gain used to record 
each spectrum is given to the left. The excitation density (I) 
is given to the right. The highest excitation density (F) was 
obtained by focusing the laser beam to a spotsize of 5x 1 0 - 4 cm 2 . 
comparable with that of Oelgart et al. [1] who measured 8 meV/decade at χ = 
0.51. 
The second broad peak around 2 030 eV, which is seen at low excitation 
densities, is masked by a phonon replica of the indirect exciton peak at higher 
excitation densities. It is clear that its shift is much less than that of the donor-
acceptor pair recombinations. Therefore, we assign this broad peak to band-
acceptor (e,A°) transitions. This peak has not been reported before in literature, 
due to the fact that usually higher excitation densities have been used. 
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Figure 11.3: PL peak energies (4.3 К) of the excitonic 
(D°,X) and acceptor related (e,A°) and (D°,A°) transitions in 
Al
x
Gai_
x
As as a function of Al fraction x. The lines represent 
linear fits to the data points in the direct region (solid lines) and 
in the indirect region (dashed lines). The results of the fits are 
listed in the legend. 
Figure 11.3 shows the peak energy of the several transitions as a function of the 
Al fraction x. The results of the linear fits to the data points are listed in the 
legend of figure 11.3. These results will be discussed in more detail in section 
11.4.1. 
11.3.2 T h e 1.951 e V transition; the Y-peak. 
The lowest energy peak in figure 11.2, which is situated at 1.951 ± 0.001 
eV, is present in all the spectra in the indirect region and becomes more pro­
nounced with increasing χ (figure 11.1). The most important characteristic of 
this transition is that its peak energy is independent of the Al content of the 
Al
x
Gai_
x
As layer. To our best knowledge this transition has never been re­
ported in literature before. A thorough check, including measurements at other 
laboratories, ensured that this peak was not an artificial effect. For convenience 
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we will call this transition Y. 
The fact that the Y-peak does not shift as a function of the Al fraction indi­
cates that this peak does not originate from the Al
x
Gai_
x
As layer itself. This 
implies that this transition is either luminescence from the interface, from an iso­
lated centre or from the GaAs layer underneath the Al
x
Gai_
x
As. Since this peak 
could not be detected in measurements on GaAs without Al
x
Gai_
x
As caplayer, 
even under the highest excitation densities, it can be concluded that if the latter 
is true, this peak can only be excited through the Al
x
Gai_
x
As. The mechanism 
that can explain this is the following: The 2.41 eV photons of the Ar+-laser excite 
electrons into the conduction band of the Al
x
Gax_
x
As. The electrons will ther-
malize into the Гі
с
 minimum of that band. Intervalley scattering will transfer 
most electrons from the Гі
с
 to the X\
c
 valley. The electrons and the holes are 
able to diffuse from the Al
x
Gai_
x
As layer to the GaAs layer underneath. This 
gives a population of electrons in both the Гі
с
 and Xu bands of the GaAs and 
luminescence from both bands can occur. In this view the 1.951 eV transition 
is due to an indirect X\
c
 — Гі5„ transition in the GaAs layer underneath the 
Al
x
Gai_
x
As. This explains the necessity of an Al
x
Gai_
x
As caplayer to popu­
late the A"ic conduction band minimium of the GaAs. The fact that the direct 
Гіс — Гі5„ GaAs transitions (1.45 < hu < 1.52 eV) are also detectable for all 
samples confirms that diffusion indeed occurs. 
We have measured the intensity of the Y-peak as a function of the thickness 
of the Al
x
Gai_
x
As layer. A sample with an Al fraction x=0.64 and a layer thick­
ness of 7.9 μτη, was etched under an angle of 0.09° according to a chemical bevel 
method developed by Huber et al. [24]. The laser beam was focused to a spot 
with a diameter of 25 μπι with the sample mounted on an insert which could be 
translated with a resolution of 10 μπι. In this way it was possible to measure PL 
spectra along the bevel direction with a layer thickness resolution of 20 nm. Fi­
gure 11.4 shows that the intensities of both the Y-peak and the (D
x
 ,X) transition 
decreased with decreasing Alo.64Gao.36As layer thickness. Since the absorption 
coefficient of Alo.64Gao.3eAs at 4 К is ~ 2 χ IO3 c m - 1 at the laser photon ener­
gy of 2.41 eV [2], the penetration (1/e) depth of the laser is ~ 5 μπι. Hence, 
the intensity of the excitonic transition decreases since less laser light will be 
absorbed in the Alo.64Gao.36As layer with decreasing layer thickness. From PL 
measurements as a function of excitation density (figure 11.2) it could be con­
cluded that for all the samples the PL intensity of both the excitonic transition 
and the Y-transition increased with the excitation density. This implies that 
the ratio between the intensity of the Y-transition and the excitonic transition is 
expected to be constant. However this ratio, which is also given in figure 11.4, 
shows a strong increase near the Alo.64Gao.36As/GaAs interface. 
In order to reveal the origin of the Y-peak, PL measurements (4.3 K) have 
been performed with an Ar+-laser pumped tunable dye-laser with Rhodamine 
6G as dye. The photon flux density (photons/s cm 2) was chosen to be equal to 
that of the Ar+-laser. The photon energy of the dye-laser was chosen in such 
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Figure 11.4: The PL intensity of the donor-bound exci-
ton (Dx,X) transition and that of the Y-transition in an 
Alo.e4Gao.3eAs/GaAs sample as a function of Alo.e4Gao.3eAs-
layer thickness (dashed lines; left y-axis). The intensity ratio 
of the Y-transition and the (ϋχ,Χ) transition is represented by 
the solid line (right y-axis). 
a way that it was impossible to directly excite the excitonic transitions in the 
indirect Al
x
Gai_
x
As. Its energy, however, was high enough to directly excite 
the Y-transition (/n>dye > 2.0 eV). Nevertheless the Y-transition could not be 
detected. This implies that this transition cannot be excited directly, but that it 
is correlated to the indirect excitonic Al
x
Gai_
x
As transitions. 
Temperature dependent PL measurements show that the intensity of the Y-
peak decreases slowly when the temperature is raised and is still detectable at 
temperatures up to 160 K. Up to this temperature the Y-peak does not shift. 
Another characteristic of the Y-transition is that it is always more pronounced 
in epitaxial layers grown on (110) oriented substrates than in those grown on (100) 
2° off towards (110) oriented substrates. This is shown in figure 11.5 for samples 
with χ = 0.55. Both samples were grown in the same run at the same position in 
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Figure 11.5: PL spectra (4.3 K) of Alo.55Gao.45As for two sub­
strate orientations. Both spectra were recorded at an excitation 
density of 3.8 x 102 W e m - 2 and with the same gain. 
the reactor. Prom figure 11.5 it is also clear that all the Al
x
Gai_
x
As transitions 
are broader in the sample grown on the (110) substrate than in the sample grown 
on the (100) 2° off towards (110) oriented substrate. This implies that the (110) 
material is less homogeneous. 
11.4 Discussion 
11.4.1 The Al
x
Ga!_
x
As-transitions 
The values for the peak energies at 4.3 К as a function of the Al fraction 
(figure 11.3) are fitted using a linear relationship. We found in the direct region 
that: 
hi/{D$, X) = (1.514 ±0.001) + (1.264 ±0.010) χ eV (x < 0.42) (11.1) 
hi/(D°,A°) = (1.490 ±0.002) + (1.264 ±0.012) χ eV (x < 0.42) (11.2) 
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and in the indirect region: 
hv{D
x
, X) = (1.950 ±0.016) + (0.22 ± 0.03) χ eV ( i > 0.42) (11.3) 
hu{e,A°) = (1.92 ±0.03) + (0.20 ±0.04) χ eV (x > 0.42) (11.4) 
hv(D°, A°) = (1.94 ±0.02) + (0.08 ± 0.03) χ eV (x > 0.42) (11.5) 
The relationship for the donor-bound exciton recombination in the direct re­
gion is in good agreement with the relationship given by Stringfellow et al. [12] 
(М-°г. Χ) = 1.512 + 1.2451 eV) based on the PL data of Dingle et al. [11]. For 
both the (Dp,X) and the (D°,A°) transition, our data yield a linear coefficient 
equal to 1.264 ± 0.010, where we used the relation of van Sark et al. [15] to cal­
culate the Al fraction. Recently Kuech et al. [6] stated that the linear coefficient 
should be equal to 1.455 ± 0.004. 
The transition from direct to indirect bandgap occurs at χ = 0.42±0.02, which 
is in agreement with the value of χ = 0.44 given by Dingle et al. [11]. Kuech et 
al. [6] showed that the (D°,X)-A1 fraction relation bows at χ = 0.370 ±0.015 and 
concluded that at this value the direct-indirect transition occurs. 
For the indirect region the relationship for the (D^,X) exciton recombination 
(eq. 11.3) is in reasonable agreement with data from the literature measured in the 
same composition range. Oelgart [1] obtained hv{DXiX) = 1.986 + 0.16 χ eV 
whereas Shah et al. [14] measured hu{D
x
, X) = 1.948 + 0.29 χ eV. In Al
x
Gai_
x
As 
a slight deviation of linearity is expected in equation 11.3 but there is no una­
nimity on the magnitude of this deviation [25,26]. 
11.4.2 The 1.951 eV transition; the Y-peak 
As suggested in section 11.3.2, the origin of the Y-peak may be an iso­
lated centre, the GaAs underneath the Al
x
Gai_
x
As or an interface effect. In 
figure 11.4 it is shown that the intensity of the Y-peak with respect to that of the 
Al
x
Gai_
x
As donor-bound exciton peak increases near the Al
x
Gai_
x
As/GaAs in­
terface. This reinforces the assignment of the Y-peak to an interface effect or to 
the GaAs underneath. . 
As shown in figure 11.5, the Y-peak is more intense in (110) oriented than 
in (100) 2° off oriented material. In (110) oriented material segregation of the 
Al
x
Gai_
x
As into GaAs and AlAs is more pronounced leading to precipitates of 
GaAs in the Al
x
Gai_
x
As layer [27]. This again reinforces the attribution of the 
Y-peak to a GaAs transition. 
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There is still some disagreement in literature on the energy of the indirect 
transitions in GaAs [29-32], however, all groups report an energy between 1.98 
and 2.0 eV at 4.2 К for the X\
c
 — T\$
v
 transition and its (D^,X) transition 
~36 meV lower between 1.94 and 1.97 eV. Although the energy of the Y-peak 
fits well within these reported energies and that it is more intense in (110) 
oriented material and near the interface, the fact that its energy is indepen­
dent of the temperature makes the assignment of the Y-peak to the donor bound 
-fie — Гі5„ transition in GaAs very weak. Aspnes [31] postulated that the Varshni 
[32] equation 
Q T 2 
E g(T) = Eg(0) - ^ (11.6) 
with estimated values for α = 4.6 χ Ю - 4 eV/K and β = 204 Κ is valid for 
the indirect X\
c
 — Γ Ί 5 υ bandgap, resulting in a decrease of ~ 32 meV between 
5 and 160 K. That the Y-peak originates from a triangular-like quantum well at 
the interface is also doubtful, since such transitions are also expected to shift in 
energy with varying temperature as well as with varying Al fraction. 
11.5 Conclusions 
In this paper, a study of the low temperature photoluminescence proper­
ties of Al
x
Gai_
x
As is presented. Linear relationships are reported for the exci­
tóme and acceptor related peaks as a function of aluminium concentration (x) in 
AlxGai_xAs in both the direct and indirect bandgap region. 
A new transition at 1.951 ± 0.001 eV is reported. This transition is only 
detectable if indirect AlxGai_xAs is present although its energy is independent 
of the Al fraction and excitation density. Its relative intensity increases near the 
AlxGai_xAs/GaAs interface, and is stronger in (110) oriented than in (100) 2° 
off oriented material. Since no firm conclusions can be drawn on the origin of this 
transition, further experiments are necessary to give a self consistent explanation. 
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Photoluminescence properties of a 
new 1.951 eV transition in III-V 
semiconductors. 
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Department of Experimental Solid State Physics, RIM, Faculty of Science, 
University of Nijmegen, Toemooiveld, 6525 ED Nijmegen, The Netherlands 
In this paper a detailed study is presented on the photoluminescence (PL) pro-
perties of a recently discovered transition in AlxGai_xAs (x>0.42) on GaAs with 
an energy of 1.951 eV. A transition of this energy has also been observed in 
Gao.5Ino.5P layers on GaAs. The transition originates from an isolated centre 
in the semiconductor alloy, although, excitation occurs indirectly via the semi-
conductor. The PL intensity is relatively high at room temperature, and the 
position of the peak is independent of temperature. The origin of the isolated 
centre responsible for this transition is still unknown. 
Published in: 
Journal of Applied Physics 71 , 2423 (1992). 
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12.1 Introduction 
Transitions in semiconductors around 1.95 eV with high luminescence ef­
ficiency are of great interest since this energy corresponds to a very suitable 
wavelength (approximately 635 nm) for use in optical devices. In a previous pa­
per [1] (hereafter referred to as paper 1) we reported the photoluminescence (PL) 
properties of a new transition in Al
x
Gai_
x
As at 1.951 eV. This transition, the 
so-called Y-peak, was only detected in indirect Al
x
Gaj._
x
As (x>0.42) on GaAs, 
although its energy position was independent of the Al fraction. Temperature-
dependent PL measurements showed that the Y-peak was still detectable at tem­
peratures up to 160 К and, furthermore, that up to this temperature it did not 
shift significantly in energy. Compared to other PL-peaks of the Al
x
Gai_
x
As, 
the Y-peak was more pronounced near the Al
x
Gai_
x
As/GaAs interface; it was 
also more intense in epitaxial layers grown on (HO)-oriented substrates rather 
than (lOO)-oriented 2° off towards (110) substrates. 
This paper reports further PL properties of the Y-peak. It is demonstrated 
that this transition does not originate from the GaAs underneath the Al
x
Gai_
x
As, 
but from an isolated centre in the semiconductor alloy. The Y-peak has also been 
detected in Gao.5Ino.5P, where it was excited via the semiconductor, since the 
bandgap of this alloy had to be higher than 1.95 eV to observe the Y-peak. 
Furthermore, the Y-peak was detectable in Ino.5Gao.5P from 4K up to 300K, 
with the same energy over the entire temperature interval. Indeed a relatively 
strong PL signal was still observed at room temperature. These PL properties 
are comparable with those of emissions of rare-earth elements in III-V semicon­
ductors [2-7]. The origin of the isolated centre is still unknown, but it is present 
in material grown with several different precursor combinations. 
12.2 Experimental 
The samples which were used in this study were obtained by low (100 mbar) 
and atmospheric pressure metalorganic vapour phase epitaxy (MOVPE) on 3 
different reactors. All Gao.5Ino.5P epilayers were grown on (100) 2° off towards 
(110), semi-insulating GaAs substrates, and had a thickness of ~2 μιτι. The 
growth temperature varied from 600 to 700 °C and the V/III ratio varied from 
100 to 250. Where mentioned in the text, the Gao.5Ino.5P layers were zinc doped; 
all other epilayers were nominally undoped (n~1015 cm - 3 ) . Trimethylindium 
(TMIn), trimethylgallium (TMGa) and phosphine were the source materials. The 
Al
x
Gai_
x
As layers were grown on (110) oriented GaAs substrates, and had a 
thickness of ~3 μπι. The growth temperature was 720 °C and the V/III ratio was 
25. All epilayers were nominally undoped (n~1015 cm - 3 ) . The precursors used 
for the Al
x
Gai_
x
As growth were trimethylaluminum (TMA1), TMGa and arsine, 
as well as the combination alane bis(dimethylethylamine) [8], triethylgallium 
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(TEGa) plus arsine. 
The annealing experiments' reported in section 12.3.4 were all carried out 
in MOVPE reactors with a continuous flow of arsine or phosphine above the 
Al
x
Gai_
x
As or Gao.5Ino.5P samples, respectively. Annealing temperatures varied 
from 500 to 800 °C. 
The PL measurements were performed in an optical flow cryostat with the 
sample in He exchange gas. If no temperature is explicitly mentioned in the 
text, the samples were measured at a temperature of 4.3 K. Optical excitation 
was provided by the 2.41 eV (514.5 nm) line from an Ar + laser with excitation 
densities ranging from 0.26 to 2.6 W/cm2. For a part of the experiment reported 
in section 12.3.2, excitation was provided by an Ar+ laser pumped dye laser with 
rhodamine 6G dye, at an excitation density of ~3 W/cm2. The luminescence 
was dispersed by a 0.6 m double monochromator with 1200 lines/mm gratings 
and detected by a cooled photomultiplier with a GaAs photocathode or one with 
Sl-response. 
12.3 Results and Discussion 
12.3.1 Origin of the Y-peak 
Figure 12.1 shows PL spectra of several Gao.5Ino.5P epilayers grown on GaAs 
substrates. Since excitons do not exist in this semiconductor alloy, only band to 
band transitions including impurity and tail states are visible [9]. The peaks 
in figure 12.1 are all at different energies, corresponding to a different bandgap 
for each sample. However, in all spectra one peak appears at the same energy: 
1.951 eV. This is exactly the energy of the Y-peak detected in Al
x
Gai_
x
As, as 
reported in paper 1, and we attribute this peak to the same transition. 
One of the suggestions in paper 1 for the origin of the Y-peak was an in­
direct Хіс-Гівц excitonic transition in GaAs underneath the Al
x
Gai_
x
As layer. 
Although the Xi
c
 conduction band minimum in bulk GaAs is unoccupied, it is 
feasible that at the GaAs/Al
x
Gai_
x
As heterointerface this minimum could be­
come occupied by diffusion of electrons from the Xi
c
 conduction band minimum 
in Al
x
Gai_
x
As , which is itself occupied since the Al
x
Gai_
x
As was indirect 
(x>0.42). Also in GajJni-xP, which is a direct semiconductor up to x=0.74 
(where the bandgap is 2.25 eV), the Xi
c
 valley in Gao.5Ino.5P could be occu­
pied because potential fluctuations due to alloy disordering could break down 
the interband momentum selection rules; these are called indirect zero-phonon or 
quasidirect transitions [10,11]. However, in case of Gao.5Ino.5P it is unlikely that 
diffusion to the Xi
c
 valley in GaAs would occur instead of intervalley scattering 
to the lower Гі
с
 valley in Gao.5Ino.5P. 
To investigate these diffusion theories further, and to determine whether 
in both cases the 1.951 eV peak originated from the GaAs underneath the 
Al
x
Gai_
x
As or the Gao.5Ino.5P, PL measurements were performed on two test 
135 
Chapter 12 
À 
en 
tí 
tí 
1.91 1.93 1.95 1.97 1.99 2.01 
Energy (eV) 
Figure 12.1: Photoluminescence spectra of several Gao sino sP 
samples with slightly different bandgaps (all larger than 1.95 
eV) recorded at 4.3 K. 
samples: the first was an Alo.45Gao.55As epilayer on a GaAs substrate with an 
Alo.6Gao.4As buffer layer in between; the second was an Gao.5Ino.5P layer on a 
GaAs substrate with an Ino.oi6Gao.984As buffer layer. In the first sample the 
electrons which were created in the toplayer would not be able to diffuse into 
the buffer layer since this layer had a larger bandgap; for the second sample the 
electrons could diffuse into the buffer layer but not through into the GaAs be-
cause the buffer layer material had a smaller bandgap than that of the GaAs. 
Therefore, for both test samples it was impossible for electrons to diffuse to the 
GaAs layers. However, PL measurements on both samples still showed the Y-
peak at 1.951 eV, thereby demonstrating that this peak did not originate from 
the GaAs. That the Y-peak originated from a heterojunction-like quantum well 
(as was suggested in paper 1) is also discounted because the Y-peak did not shift 
in energy even though the band offsets differed between the samples. 
So the combined data, that the Y-peak is always measured at the same en-
ergy, it is detected both in the direct semiconductor Gao.5Ino.5P and the indirect 
semiconductor AlxGai_xAs (x>0.42), and that it does not originate from GaAs 
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layers underneath, clearly indicate that its origin is an isolated centre. 
12.3.2 Indirect excitation 
That the Y-peak originates from an isolated centre does not nescessarily 
imply that it is totally independent of the semiconductor. Despite the fact that 
the energy of the Ar+ laser (2.41 eV) was high enough to excite the Y-peak 
directly, it could not be observed if the bandgap energy of the Gao.5Ino.5P was 
lower than that corresponding to the peak. When there is ordering of the atoms 
on the Group HI sublattice, the bandgap of Gao.5Ino.5P can be 50 meV lower 
than for a randomly distributed alloy [12]. Disorder can be introduced into 
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Figure 12.2: Photoluminescence spectra of an Alo.45Gao.55As 
sample ( E £ = 2 . 1 7 eV) excited with an Ar + laser at 2.6 W/cm 2 
(lower spectrum) and with a dye laser at 3 W/cm 2 (upper spec­
trum), respectively. The relative gain used to record each peak 
is given to the right of every peak. 
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Gao.5Ino.5P by doping with Zn above 101 8 c m - 3 [13,14]. We found that in 
ordered samples, with a bandgap lower than 1.95 eV at 4K, no Y-peak was 
observed, whereas zinc-doped samples all showed the Y-peak in their PL spectra. 
From this we concluded that excitation of the Y-peak occurs indirectly via the 
Gao.5Ino.5P· 
Figure 12.2 shows two PL spectra of the same Alo.45Gao.55As sample (E^=2.17 
eV [15]) measured with two different laser excitation sources. The relative gain 
used to record each peak is given to the right of each peak. The lower spectrum 
was obtained using an Ar+ laser with excitation energy 2.41 eV (514 nm). The 
assignment of the peaks was made by comparison with the papers of Dingle [16] 
and Lochs [1]. The highest energy peak is attributed to zero-phonon bound 
exciton annihilation. The first peak to the left of this, 46 meV lower in energy, is 
ascribed to a LO phonon replica of the main exciton peak. The broad lumines­
cence peak which is slightly lower in energy is assigned to a transition involving 
a shallow acceptor, probably carbon. The sharp peak at 1.951 eV superimposed 
on this broad one is the Y-peak. The broad peak around 1.46 eV is deep level lu­
minescence of the Al
x
Gai_
x
As. PL from the underlying GaAs (at approximately 
1.5 eV) is not observed. 
The uppermost spectrum in figure 12.2 resulted from the same sample excited 
with a dye laser with rhodamine 6G dye. The energy of the laser excitation was 
2.14 eV (580 nm). In this spectrum no excitonic transitions in the Al
x
Gai_
x
As 
could be detected. Only the relatively broad acceptor-related peak was observed, 
because the energy of the laser was not high enough to excite electrons from 
the Γΐ5„ valence band maximum into the Гі
с
 conduction band minimum. The 
energy of the dye laser was high enough to excite electrons from the Гі5„ valence 
band maximum into the Xi
c
 conduction band minimum. The probability of this 
transition is not very high, however, since a phonon is needed, and such 'two 
particle excitation' involving a photon and a phonon is not very likely at 4.3 K. 
As a result, mainly zero-phonon excitation from the acceptor levels to the Xi
c 
valley occurred, since momentum can be conserved in this transition through 
scattering at the impurity [10,17]. This means that even while the Xi
c
 valley 
is occupied no excitons will exist because there are no free holes in the valence 
band; only transitions involving an acceptor can be observed. Another feature 
of the upper spectrum is the absence of the Y-peak. Since the energy of the dye 
laser was high enough to excite the Y-peak directly, it can be concluded that in 
this sample the Y-peak is related to the excitonic transitions. The Al
x
Gai_
x
As is 
more transparent to the dye laser than the Ar+ laser, because excitation through 
scattering at an impurity is less efficient than direct excitation. Therefore, the 
PL peaks around 1.5 eV originating from the GaAs underneath the Al
x
Gai_
x
As 
layer are visible in the upper spectrum but not in the lower spectrum. 
In summary, we have shown that in Gao.5Ino.5P and in Al
x
Gai_
x
As samples 
the Y-peak can only be detected if the semiconductor has a bandgap higher than 
1.95 eV. Excitation of the Y-peak cannot occur directly, but is only possible 
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by excitation of the semiconductor. Details of the energy transfer remain to be 
investigated. 
12.3.3 Temperature dependence 
Figure 12.3 shows the PL spectra of an Gao.5Ino.5P sample measured at 
various temperatures. The strange behaviour of the peaks as a function of tem­
perature has been described for MOVPE-grown Gao.5Ino.5P by Kondow and 
Minagawa [18]. From 4K up to 100K the PL peaks first shift to lower and then 
to higher energy. From 100K up to 300K they reported an ordinary tempera­
ture dependence: a linear shift to lower energy with increasing temperature. In 
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Figure 12.3: Photoluminescence spectra of a Gao.5Ino.5P sam­
ple recorded as a function of temperature. 
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Figure 12.4: Photoluminescence spectra of a Gao.5Ino.5P sam-
ple recorded at 4.3 К (lower spectrum) and at room temperature 
(upper spectrum), respectively. 
contrast to the PL peaks originating from the Gao.5Ino.5P, the energy of the 
Y-peak is independent of temperature in this range. This was also found for the 
Al
x
Gai_
x
As samples reported in paper 1. 
In paper 1 it was reported that the Y-peak was detectable up to T=160K, 
which is relatively high for PL measurements on Al
x
Gai_
x
As. In figure 12.4 two 
spectra of a zinc-doped Gao.5Ino.5P sample are shown, .obtained at 4.3 К (lo­
wer spectrum) and at room temperature (upper spectrum). The zinc doping of 
5.ІХІ018 cm - 3 was performed to obtain a high bandgap [13,14] which exceeded 
1.95 eV at 4.3 К as well as at 300K. Again there is a sharp transition corre­
sponding to the Y-peak at both temperatures. Even more remarkable in this 
figure is that the relative intensity of the Y-peak compared to the Gao.5Ino.5P 
luminescence is more pronounced at high temperatures. A similar temperature 
dependence was reported with Al
x
Gai_
x
As samples in paper 1. 
12.3.4 Annealing experiments 
Annealing of MOVPE-grown epilayers can have a large effect on the structure 
of the material. Indeed, the PL properties of some isolated centres have been 
reported to change considerably after annealing of samples [2]. The effect of 
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annealing on the PL properties of the Y-peak was investigated in two Al
x
Gai_
x
As 
and two Gao.5Ino.5P samples. Each was annealed in an MOVPE reactor under a 
continuous flow of respectively arsine or phosphine, successively for 30 minutes 
at 500 °C, then 30 minutes at 600 °C, then 30 minutes at 700 °C, and finally 30 
minutes at 800 °C. After each anneal step the PL spectrum was recorded. 
The effect of annealing on the Y-peak was negligible: after every anneal step 
the same PL spectrum was recorded. The Y-peak did not change in energy, shape 
or width, and the relative intensity with respect to the other PL peaks remained 
the same. 
12.3.5 Comparison with гаге-earth dopants 
The PL properties of the Y-peak are similar to those of emissions from rare-
earth elements in III-V semiconductors. 
Indirect excitation via the semiconductor was reported before by Kasatkin et 
al. [3] and Ennen et al. [4,5] who observed Er34" and Yb 3 + emissions at 1.54 μπι 
in GaP, InP and GaAs with an excitation energy which exceeded the bandgaps. 
Later, Weber et al. [6] and Benyattou et al. [7] reported transitions due to 
erbium in either InP or Alo.45Gao.55As which were excited via free carriers and 
excitons in the semiconductor. These groups found that the energetic position of 
the peaks of rare-earth emissions remained essentially unchanged with variations 
in excitation intensity and temperature [4]; similar to what is found for the 
Y-peak. Furthermore, the relatively small decrease in intensity of the Y-peak 
from 4.3 К to room temperature is also a feature of emissions involving rare-
earth elements [4]. We did not find any effect on the Y-peak by annealing the 
samples. This appears to be in contrast to the large annealing effect on rare-earth 
emission peaks reported by Kasatkin et al. [2]. However, these large effects can 
be explained by the fact that, in contrast to our samples, the rare-earth elements 
in the samples of Kasatkin were implanted, and it is known that for such samples 
annealing has a large effect. 
In summary, there are considerable similarities between the PL properties of 
the 1.951 eV transition and emissions from rare-earth elements in III-V semicon­
ductors. However, all reported research on rare-earths in III-V semiconductors 
involves emissions in the infra-red; mainly around 1.5 μπι. 
12.4 Conclusions 
In this paper we have shown further PL properties of a transition at 1.951 eV, 
the so-called Y-peak. This transition originates from an isolated centre which is 
present in the semiconductor alloy Al
x
Gai_
x
As, grown with two combinations of 
different precursors, and in Gao.5Ino.5P. The excitation of the transition occurs 
via the semiconductor and cannot occur directly from the laser. For this reason 
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the bandgap energy of the AljcGai_
x
As or the Gao.5Ino.5P must be higher than 
1.95 eV to observe the Y-peak. The absorption of the Ar+ laser occurs in the 
first tenths of a micron of the epilayer, so this indirect excitation could be due to 
transport to centres deeper in the layer. Experiments with a dye laser showed, 
however, that even if the laser penetrates deeper into the layer, it cannot excite 
the Y-peak directly. Temperature dependent PL measurements from 4.3 up to 
300K showed that the Y-peak was relatively more pronounced at higher tempera­
tures with respect to other PL signals, and that its energy was independent over 
this temperature range. The PL properties of the Y-peak are similar to those of 
emissions of rare-earth elements in III-V semiconductors. 
That the Y-peak is relatively sharp and its energy is independent of tem­
perature, excitation intensity and the type of semiconductor, and, furthermore, 
that its emission corresponds to visible light of wavelength 635 nm, are ideal 
properties for possible laser applications. 
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Summary 
This thesis describes photoluminescence (PL) studies on two ternary III-V 
alloys: AlInAs and AlGaAs. The first part deals with AHnAs grown on InP. It 
was only studied at the composition Alo.48lno.52As, which is the lattice matched 
composition to InP. The second part deals with Al
x
Gai_
x
As, which was investi­
gated at many compositions since it is lattice matched to GaAs at any aluminum 
fraction. 
Chapter 2 describes the experimental techniques related to the PL measure­
ments of this thesis. All separate parts containing the PL set-up are discussed, 
including the special set-ups for high-spatially-resolved PL (with a spatial reso­
lution of 1 μπι) and photoluminescence excitation (PLE) spectroscopy. 
In chapter 3 the PL and PLE properties of bulk Alo.48lno.52As are reported. 
From the relatively narrow PL linewidth (13 meV) and small Stokes shift (9 meV) 
we conclude that the effect of clustering is minimal in our samples. Both the PL 
energy and intensity showed anomalous temperature behaviour: the energy first 
decreased, then increased and finally decreased again with increasing temperature 
(the so-called inverted S-shape); the intensity showed a temperature dependence 
similar to that of amorphous semiconductors and disordered superlattices. These 
two phenomena suggest localization of carriers in the bulk. The first observation 
of phonons with PL and PLE is reported in Alo.4sIno.52As. Energies of 29.6 
and 45.9 meV were measured for the InAs-like and the AlAs-like LO phonons, 
respectively. 
The PL and PLE properties of the staggered-aligned Alo.4sIno.52As/InP inter­
face are presented in chapter 4, together with a study of the diffusion of carriers 
to this interface. Two PL peaks originating from the interface were measured 
at energies higher than commonly reported. This is the result of growth of the 
Alo.4eIno.52As layer directly on the semi-insulating InP substrate, which results 
in a much sharper triangular well in the conduction band than when grown on 
an Tirtype InP buffer layer. Data from PL in a magnetic field and from PLE 
both showed that the PL transitions are excitonic in character. Again, an in­
verted S-shape temperature dependence was found for the PL energy, which is 
characteristic of carrier localization. PLE measurements showed that at 4.2 К 
both electrons and holes participating in the interface PL are provided by exci-
ton diffusion from the InP, whilst at 70 К they are provided by exciton diffusion 
from the Alo.4sIno.52 As. The difference arises from carrier localization in the 
Alo.4eIno.52As toplayer below 50 K. Unexpectedly, for the InP at 4.2 К the PL 
intensities of both excitonic and donor-to-acceptor transitions were independent 
of the absorption of laser light in the Alo.4gIno.52As top layer. 
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In chapter 5 polarization dependent PL properties of both the interface and 
the bulk Alo.4eIno.52As luminescence are reported. The measured polarization 
dependence showed that there is indeed a staggered-aligned Alo.4eIno.52As/InP 
interface (type-II), and that long-range ordering occurs in the Alo.4eIno.52 As bulk. 
Finally, the similarities and differences in the optical properties of Alo.4eIno.52As 
and Gao.5Ino.5P are discussed, and can be explained by the effects that short-
range ordering has on their respective bandstructures. 
The second part of this thesis, that starts at chapter 6, deals with AlxGai_xAs. 
In this chapter excitonic PL spectra of high quality AlxGai_xAs at two different 
alloy compositions are reported. The first observation is reported of an excitonic 
spectrum which is separated into neutral donor, ionized donor and neutral ac-
ceptor bound exciton transitions ((D°,X), (D+,X) and (A°,X)) at an aluminum 
fraction higher than 0.2. A significant decrease in linewidth of the (D°,X) peak 
was found by decreasing the excitation density. This means that the linewidths 
of the various excitonic transitions are, apart from alloy broadening, strongly de-
pendent on the long range Coulombic potentials of the ionized impurities in our 
samples. Finally, linewidths of 1.75 and 2.5 meV were measured for the (D°,X) 
transition for samples with Al fractions of 0.12 and 0.244, respectively. These 
are the smallest values ever reported in literature for samples grown by Metal 
Organic Vapour Phase Epitaxy (MOVPE). 
Chapters 7, 8, and 9 present the results of PL measurements on AlxGai_xAs 
grown by MOVPE, using a new precursor, dimethylethylamine-alane (DMEAAl), 
as the aluminum source. The advantage of this new precursor over other alane 
precursors used previously, is that it is liquid at room temperature. In the ini-
tial PL results (chapter 7) on AlxGai_xAs using this new precursor instead of 
trimethylaluminum (TMA1), we found a reduction by a factor 6 of the rela-
tive intensity of the carbon-related emmision when it was used together with 
trimethylgallium (TMGa), whereas a reduction by a factor 50 was found when 
it was used in combination with triethylgallium (TEGa). The linewidth of the 
separate donor bound exciton (D°,X) was 2.6 meV at an Al fraction of 0.31, 
which indicates a very uniform aluminum composition. 
In chapter 8 a MOVPE growth study is presented of AlxGai_xAs (x=0.05-
0.65) using this new precursor DMEAAl. No temperature dependence was found 
for the growth rate or for the aluminum incorporation between T=575 °C and 
T=725 °C. The aluminum incorporation is linearly dependent on the fraction 
of DMEAAl in the gas phase. PL measurements showed that the carbon incor-
poration, which is very low, is independent of the growth temperature. Because 
of this low carbon content, the epilayers showed retype conductivity up to alu-
minum fractions of 0.65 and high carrier mobilities. A multi-quantum-well was 
grown, which showed narrow linewidths in the PL spectra, indicative of sharp 
interfaces. 
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In chapter 9 multiple excitonic features are reported in Al
x
Gai_
x
As grown 
with DMEAA1. The localization energies of these multiple excitonic features, 
which were only observed in layers with aluminum fractions greater than 0.2, 
varied from 2 to 8 meV. This indicates that some of these transitions must be 
due to excitons bound to non-shallow centres, although their precise origin is still 
unknown. 
High-spatial-resolution PL measurements on Al
x
Gai_
x
As grown on nonpla-
nar substrates are reported in chapter 10. The aluminum fractions were deter­
mined of the various facets of three grooves with varying widths. The ( l l l ) A 
facets on the side walls of the grooves have an aluminum fraction 6.3% higher 
than that of the unpatterned area. The narrowest groove is exactly V-shaped 
showing only these ( l l l ) A facets. Higher index facets in the corners of the bot­
tom of the two broader grooves showed a 27.8% reduction in aluminum fraction 
as compared with the unpatterned area. The aluminum fractions of the (100) 
facets at the bottom of the grooves depend strongly on the groove widths. 
In chapter 11 the PL peak energies of Al
x
Gai_
x
As are reported as a function 
of aluminum fraction χ in both the direct and the indirect bandgap region. Linear 
relationships for the excitonic and acceptor related peak energies as a function of 
composition in both regions were found. In the indirect region a new transition 
at 1.951 eV was measured, which energy is independent of the Al fraction of the 
material. An initial study on the PL properties of this transition is reported in 
chapter 11. 
In chapter 12 the study on this new identified transition continues. This 
transition has also been observed in Gao.5Ino.5P layers on GaAs. The transition 
originates from an isolated centre in the semiconductor alloy, although, excitation 
occurs indirectly via the semiconductor. The PL intensity is relatively high at 
room temperature, and the position of the peak is independent of temperature. 
The origin of the isolated centre responsible for this transition is still unknown. 
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Samenvatting 
In dit proefschrift worden photoluminescentie (PL) studies beschreven aan 
twee ternaire III-V halfgeleidermaterialen: AlInAs en AlGaAs. Het eerste gedeelte 
behandelt AlInAs gegroeid op InP substraten. Dit materiaal is alleen onderzocht 
bij de compositie Alo.4sIno.52As, waarvoor de roosterconstante gelijk is aan die 
van InP. Het tweede gedeelte behandelt Al
x
Gai_
x
As gegroeid op GaAs substra­
ten, wat onderzocht is bij vele Al/Ga verhoudingen, omdat de roosterconstante 
van Al
x
Gai_
x
As voor alle waarden van χ altijd ongeveer gelijk is aan die van 
GaAs. 
Hoofdstuk 2 beschrijft de experimentele technieken die gebruikt zijn voor de 
PL metingen in dit proefschrift. Alle onderdelen van de standaard PL opstelling 
worden behandeld, inclusief de speciale opstellingen voor plaats-afhankelijke PL 
(met een ruimtelijke resolutie van 1 μπι) en photoluminescentie excitatie (PLE) 
spectroscopie. 
In hoofdstuk 3 worden de PL en PLE eigenschappen van bulk Alo.4eIno.52As 
gerapporteerd. Uit de relatief smalle PL lijnbreedte (13 meV) en de lage Stokes 
verschuiving (9 meV) concluderen we dat cluster effecten minimaal zijn in onze 
monsters. Zowel de PL energie als de intensiteit vertonen een afwijkend tem-
peratuurgedrag: met toenemende temperatuur neemt de energie van de PL over­
gang eerst af, dan weer toe en uiteindelijk weer af (de zogenaamde geïnverteerde 
S-vorm); de PL intensiteit vertoont een temperatuurafhankelijkheid identiek aan 
die van amorfe halfgeleiders en wanorderlijke superroosters. Deze twee verschijn-
selen wijzen op een localisatie van ladingdragers in de bulk. De eerste observatie 
van fononen met PL en PLE in Alo.4sIno.52As is beschreven. Fononenergieën 
van 29.6 en 45.9 meV zijn gemeten voor de respectievelijke InAs-achtige en de 
AlAs-achtige fononen. 
De PL en PLE eigenschappen van het in bandafstand trapsgewijze schei-
dingsvlak tussen Alo.4sIno.52As en InP zijn beschreven in hoofdstuk 4, tesamen 
met een studie van de diffusie van ladingdragers naar dit scheidingsvlak. Twee 
PL pieken afkomstig van het scheidingsvlak zijn gemeten bij hogere energieën dan 
gewoonlijk in de literatuur beschreven. Dit is het resultaat van de groei van het 
Alo.4sIno.52As direct op het niet geleidende InP substraat, wat resulteert in een 
veel scherper driehoekig putje in de geleidingsband dan voor Alo.4sIno.52As op een 
retype InP buffer laag. PL data in een magneetveld en PLE data vertonen beide 
een excitonisch karakter. De PL energie vertoont wederom een geïnverteerde 
S-vorm als functie van temperatuur, wat karakteristiek is voor localisatie van la-
dingdragers. Uit PLE metingen kan geconcludeerd worden dat bij 4.2 К zowel de 
electronen als de gaten die deelnemen aan de scheidingsvlakluminescentie worden 
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geleverd door excitonen uit het InP, terwijl bij 70 К deze worden geleverd door 
excitonen uit het Alo.4gIno.52As. Het verschil wordt veroorzaakt door localisatie 
van ladingdragers in de Alo.4eIno.52As toplaag bij temperaturen beneden 50 K. 
Tegen de verwachting in blijkt bij 4.2 К de luminescentie intensiteit van zowel 
de excitonen als de donor-acceptor overgangen van het InP onafhankelijk te zijn 
van de absorptie van laserlicht in de Alo.48lno.52As toplaag. 
In hoofdstuk 5 worden polarizatie afhankelijke PL eigenschappen van zowel de 
bulk Alo.4eIno.52As als van het scheidingsvlak behandeld. De gemeten polariza­
tie afhankelijkheid bewijst dat op het scheidingsvlak de bandafstanden inderdaad 
trapsgewijs verlopen (type-II), en dat ordening plaatsvindt in de Alo.4eIno.52As 
bulk. Tenslotte worden de overeenkomsten en verschillen van de optische eigen­
schappen van Alo.4eIno.52As en Gao.5Ino.5P bediscussieerd, en uitgelegd aan de 
hand van de effecten die ordening en clustervorming hebben op de respectievelijke 
bandenstruct uren. 
Het tweede gedeelte van het proefschrift, dat aanvangt bij hoofdstuk 6, be­
handelt Al
x
Gai_
x
As. In hoofdstuk 6 worden de resultaten besproken van ex-
citonovergangen gemeten aan hoge kwaliteit Al
x
Gai_
x
As lagen met twee ver­
schillende aluminiumfracties. Voor de eerste keer wordt een excitonspectrum van 
Al
x
Gai_
x
As met een aluminiumfractie hoger dan 0.2 getoond dat is opgesplitst in 
neutrale-donor-, geioniseerde-donor- en neutrale acceptor gebonden excitonover-
gangen ((D°,X)(D+,X) en (A°,X)). Een significante afname in lijnbreedte van 
de (D°,X) piek wordt gevonden bij afname van de excitatie dichtheid. Dit 
betekent dat de lijnbreedtes van de afzonderlijke excitonovergangen naast 'meng-
verbreding' ook sterk afhangen van de lange afstands Coulombpotentialen van de 
geïoniseerde onzuiverheden. Voor AlxGai_xAs met x=0.12 en x=0.244 werden 
respectievelijk lijnbreedtes van 1.75 en 2.5 meV gemeten voor de (D°,X) over-
gang. Dit zijn de laagste waarden ooit gerapporteerd voor AlxGai_xAs gegroeid 
met metaal-organische damp-fase epitaxie (MOVPE). 
In hoofdstuk 7, 8 en 9 worden de resultaten gepresenteerd van PL metingen 
aan AlxGai_xAs gegroeid met MOVPE, waarbij een nieuwe aluminiumprecursor 
(=een grondstof voor de groei) is gebruikt: dimethylethylamine-alaan (DMEAA1). 
Het grote voordeel van deze nieuwe precursor boven andere alaanprecursors is dat 
deze vloeibaar is bij kamertemperatuur. In de allereerste PL resultaten (hoofd-
stuk 7) aan AlxGai_xAs gegroeid met deze nieuwe precursor vonden we een 
sterke afname van de koolstofgerelateerde piek in vergelijking met AlxGai_xAs 
monsters gegroeid met het conventionele trimethylaluminium (TMAl). De ver-
houding tussen de koolstofgerelateerde piek en de excitonpiek verminderde met 
een factor 6 wanneer de precursor werd gebruikt in combinatie met trimethyl-
gallium (TMGa), en met een factor 50 wanneer het werd gebruikt met triethyl-
gallium (TEGa). De lijnbreedte van de afzonderlijke donor-gebonden excitonpiek 
(D°,X) was 2.6 meV bij een aluminiumfractie van 0.31, wat op een sterk uniforme 
150 
Samenvatting 
aluminiumcompositie duidt. 
In hoofdstuk 8 wordt een MOVPE groeistudie van AlxGai_xAs (x=0.05-
0.65) gegroeid met de nieuwe precursor DMEAA1 beschreven. Tussen 575 °C 
en 725 °C is geen temperatuurafhankelijkheid gevonden voor de groeisnelheid en 
voor de aluminiuminbouw. De aluminiuminbouw is lineair afhankelijk van de 
fractie DMEAA1 in de gasfase. PL metingen toonden aan dat de koolstofinbouw 
erg laag is en onafhankelijk van de groeitemperatuur. Dankzij de lage kool-
stofinbouw vertonen de AlxGai_xAs lagen n^type geleiding en hoge mobiliteiten 
tot aan aluminium fracties van 0.65. Een meervoudige kwantumput vertoonde 
zeer smalle lijnbreedtes in de PL spectra wat inhoudt dat de scheidingsvlakken 
abrupte overgangen bevatten. 
Sommige AlxGai_xAs lagen gegroeid met DMEAA1 vertonen meerdere exci-
tonische pieken. Deze worden in hoofdstuk 9 beschreven. De localisatie energieën 
van deze excitonpieken, die alleen gedetecteerd zijn in lagen met een aluminium-
fractie groter dan 0.2, varieerden van 2 tot 8 meV. Dit betekent dat sommige van 
deze overgangen afkomstig zijn van excitonen gebonden aan diepere centra. De 
exacte oorsprong van deze overgangen is nog onbekend. 
Plaatsafhankelijke PL metingen met een hoge laterale resolutie aan 
AlxGai_xAs gegroeid op een gegroefd substraat worden beschreven in hoofd-
stuk 10. De aluminiumfracties van de verschillende vlakken van 3 groeven met 
verschillende breedtes zijn bepaald. De aluminiumfracties van de ( l l l )A vlakken 
op de zijwanden van de groeven zijn 6.3% hoger dan die van het ongegroefde vlak. 
De smalste groef heeft een exacte V-vorm met alleen maar deze ( l l l )A vlakken. 
De hogere index vlakken die groeien in de benedenhoeken van de twee breedste 
groeven bevatten een 27.8% lagere aluminiumfractie dan het ongegroefde vlak. 
De aluminiumfractie van de (100) vlakken op de bodem van de groeven is sterk 
afhankelijk van de groefbreedtes. 
In hoofdstuk 11 zijn de PL piekenergieën in AlxGai_xAs bepaalt als een 
functie van de aluminiumconcentratie χ in zowel het directe als het indirecte 
bandafstandgebied. Zowel de excitonische als de acceptor gerelateerde pieken 
vertoonden een lineair verband met de compositie in beide bandafstandgebieden. 
In het indirecte bandafstandgebied is een nieuwe overgang gemeten waarvan de 
energie onafhankelijk is van het aluminiumgehalte. Een eerste studie naar de PL 
eigenschappen van deze nieuwe overgang wordt beschreven in hoofdstuk 11. 
In hoofdstuk 12 wordt de studie naar deze nieuwe overgang voortgezet. De 
piek is ook gedetecteerd in Gao.5Ino.5P lagen op GaAs. De oorsprong van deze 
overgang moet een geïsoleerd centrum zijn, echter het aanslaan ervan gebeurt in-
direct via de halfgeleider. De PL intensiteit is relatief hoog bij kamertemperatuur 
en de energie onafhankelijk van de temperatuur. De aard van het geïsoleerde cen-
trum dat verantwoordelijk is voor deze overgang is nog onbekend. 
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